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Foreword

The National Standard Reference Data System provides access to the quantitative data of phys-
ical science, critically evaluated and compiled for convenience and readily accessible through a
variety of distribution channels. The System was established in 1963 by action of the President’s
Office of Science and Technology and the Federal Council for Science and Technology, and
responsibility to administer it was assigned to the National Bureau of Standards.

NSRDS receives advice and planning assistance from a Review Committee of the National
Research Council of the Nationa! Academy of Sciences-National Academy of Engineering. A num-
ber of Advisory Panels, each concerned with a single technical area, meet regularly to examine
major portions of the program, assign relative priorities, and identify specific key problems in
need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs, the present state of knowledge, and existing data re-
sources as a basis for recommending one or more data compilation activities. This assembly of
advisory services contributes greatly to the guidance of NSRDS activities.

The System now includes a complex of data centers and other activities in academic insti-
tutions and other laboratories. Components of the NSRDS produce compilations of eritically
evaluated data, reviews of the state of quantitative knowledge in specialized areas, and computa-
tions of useful functions derived from standard reference data. The renters and projents alen
establish criteria for evalnation and compilation of data and recommend improvements in ex-
perimental techniques. They are normally associated with research in the relevant field.

The technical scope of NSRDS is indicated by the categories of projects active or being
planned: nuclear properties, atomic and molecular properties, solid state propertics, thermody-
namic and transport properties, chemical kinetics, and colloid and surface properties.

Reliable data on the properties of matter and materials is a major foundation of scientific
and techuival progress. Such impuriant sctivities us basic scientific research, industrial quality con-
trol, development of new materials for building and other technologies, measuring and correcting
environmental pollution depend on quality reference data. In NSRDS, the Bureau’s responsibility
to support American acience, indnatry, and commerce is vitally fulfilled.

RicHanp W. ReBerTs, Director
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Reactivity of the Hydroxyl Radical
in Aqueous Solutions

Leon M. Dorfman and Gerald E. Adams

The reaction rate data of the hydroxyl radical in aqueous solution are compiled and evaluaied in
this critical review. The values are reported in & series of tables covering addition, hydrogen abatrac-
tion, inorganic electron transfer and radical reactions. Hate constants for the hydroxyl radical with
biological molecules are included. In addition, the raie constant data for the oxide radical ion are gives
Physical properties are listed and the exPerjmcnu] methods employed in OH radical chemistry are
reviewed. An analysis involving rate constant data comparisons s made

Key words: Abstraction reactions; addition reactions; aqueous solution; biological melecuies; eleciron
transfer reactions; hydroxyl radical; oxide radical ion; radical reactione; rate consiants; reference daia.

Chapter 1. Introduction

Water is the meost important single solvent in
which the physical and chemical processes that can
occur are of broad importance in so many areas of
the natural sciences. As a result, the rates and
equilibria of chemical reactions in aqueous solution
have been the subject of countless investigations
of almost every conceivable chemical system of
substancec coluble in water. Among the important
chemical reactions occurring in water are those of
the free hydroxyl radical, OH, a reactive decomposi-
tion product of water which exhibits strong oxidiz-
ing propertics. Indecd, it is onc of the strongest
of chemical oxidizing agents.

Hydroxyl radical reactions are of importance in
both chemical and biolegical systems. In chemical
systems, such reactions may be fundamental steps
in the hydroxylation and oxidation of aquo-organic
systems, in the oxidation of inorganie ions and ion
complexes, and in the initiation of polymerization.
In aqueous solutions which have been exposed to
iopizing radiation, the hydroxyl radical is one of the
two principal reactive species formed in the de-
composition of the water. Subsequent oxidation
reactions are the result of its formation. It is, in
fact. the application of fast reaction methods in
radiation chemisiry which has provided the major
part of the new information on the reactivity of the
hydroxyl radical, te which this monograph is
directed.

In radiation biology, since 80 percent of the cell
consists of water, reactions of the hydroxyl radical
as a Teactive lransient are important in bielogical
damage. The eflects are indirect and evidence has
recently been accumulated which shows that a
substantial part of this indirect damage to the cells,
in many systems, is due to oxidative effects which
may be attributable to the hydroxyl radical. In-
formation from such studies, moreover, has a bear-

ing on our understanding of molecular processes in
biological systems in general.

The chemical reactions of the hvdroxyl radical
in water may he rlassified ac fonr different types.
These are:

(a) Addition
OH + CeHe = (OH)CsHs- 1)

in which the hydroxyl radical adds to an unsatur-
atcd compound, aliphatic or arematic, to form a frce
radical product. The addition 1o aromatic com-
pounds, from which various cvelohexadieny!
radicals are formed, is typical;
{b) Hydrogen Abstraction
OH+ CH,OH= - CH,OH+ H:0 (2)

to form a free radical and water;

{(¢) Electron Transfer
OH < [Fe(CN)e]*~= [FelCN)]3-+OH- (3)
to form ions in a higher valence state, or an atom or

free radical if a mononegative ion is oxidized, and
the hydroxide ion;

{d} Radical Interaction
in which the hydroxyl radical reacts with another

hydroxyl radical, or with an unlike radical, to com-
bine or to disproportionate to form a stable product.



A subelassification of these four reaction types
exists since the hydroxyl radical has more than one
form. OH behaves like a weak acid. ionizing in very
strongly basic solution to form O, a species whose
reactivity differs substantially from that of OH.

Many separate reactions of each type have been
investigated and the specific reaction rales de-
termined. Precise quantitative information has been
developed principally through the application of the
pulse radiolysis technique. Since the radiolysis of
water, the mechanism of which is fairly completely
understood, produces hydroxyl radicals in known
yields, the use of this fast reaction method has been
most fruitful in determining the chemical reactivity
of OH.

The observation of the spectra of cyclohexadienyl
radicals by Dorfman and his co-workers [1-3]', and
their determination of rate constants for several addi-
tion reactions of OH, led to subsequent measurements
of such rate constants for a large number of organic
compounds. The work of Rabani and Matheson
[4, 5] on the reactivity of the hydroxyl radical with
ferrocyanide ion, provided an example of electron
transfer in a reaction which has proved useful as a
reference reaction. The generality of such electron
transfer reactions of OH with inorganie anjons and
cemplexes was demonstrated by Adams and Boag
[6, 7] who observed the formalion of optically
absorbing transients from anions of Greup 47 of
the periodic table. A large part of the work which has
provided the information contained in this mono-
graph has evolved from studies of this type.

A critical appraisal and compilation of available
data constitutes the substance of this monograph.
Any quantitative model for a reacting system rests
on a knowledge of the individual rate constants for
the elementary reactions of the reactive transient
species. Most satisfactory tests of the validity of
such models require a knowledge ot these individual
rate constants. It is our hope that the contents of
this critical compilation will prove useful in different
areas of research.

Explanation of Tables

The information contained in these tables repre-
sents a crtical evaluation as well as a compilation.
Accordingly, the tables contain not only the values
and the cogent parameters of the system, but also
brief notations about the mcthod uscd in cach casc
and the particular experimental conditions which
may be crucial in establishing the validity of the
results obtained. In the case of many of the rate
cutistanls delermined vn a relalive basis, the values
presented in these tables will be found not to coin-
cide with the values suggested by the original
authors, Such values have been corrected to bring
them into accord with the most reliable values avail-
able for the rate constants of reference reactions

' Figures in brackews indicate the litermiure references at the end of each chapier
Helerences are numbered independently for ech ciupter.

which have been used in the determination of these
relative values. The following notation has been
used to distinguish the characteristics of the values
wherever possible:

* absolute values— which do not depend upon
the value of a rate constant for some reference
reaction used in competition studies;

t, most reliable values—values of which the
accuracy {within the stated experimental un-
certainty or lacking such a siatement, within
+ 30%) seems least open 1o question consider-
ing such factors as the scatter, or in some cases
the paucity of the experimental results or,
more commonly, the complexities in interpre-
tation of the data.

The selection has the following basis: Values
merit the confidence implied by the designation
“most reliable’” when they are obtained by methods:

(a) which are as direct as possible,

(b} which involve only few. well-established

assumptions about mechanism, and

{c) from which the evaluation of the data follows

from a closed analytical solution of the rate
equations for such a mechanism, or from a
computer analysis of these rale equations.
Accordingly it is not surprising that most of
the values so designated have been deter-
mined absolutely by pulse radiolysis, or in
competition kinetics by pulse radiolysis
rather than by analysis of stable products.

It may be helpful to point out that, conversely,
the following negative criteria have, in general, been
applied in excluding the 1 designation for many of
the data whenever:

(a) the system involves a complex mechanism
which may not be clearly established, or more
particulariy,

{b) the relationship between the species moni-
tored and the reaction of the hydroxyl radical
is not clearly established, or

(c) the degree of scatter of the results is so great
ag to raise a question about the meaningfulness
of the average, or

(d) the variation of appropriate physical
parameters covers too small a range to consti-
tute a satisfactorv test of validity of the kinetic
analysis, or

(e) insufficient information has been provided to
judge whether the criteria for inclusion have
been met. Daia from the thiocvanate eompeti-
tion method, for example, have not been desig-
nated most reliable because of uncertainties
about the mechanism; nor have values for the
reactinne with aromatic eompounds ahtained
by carbon dioxide analysis because of the un-
certainty in relating the yield of this stable
product to the rate of the elementary reaction
in question,

The designation of most reliable values should
be viewed as an attemp! to provide some guidance
to the reader who is not familiar with the details
of the methods. It is not bestowed as an accolade.



Although we may have erred in selecting too few
values as “most reliable”, it is clear to us that the
inclusion of such a designation enhances the value
of the compilation.

Glossary of Abbreviations

The following abhreviations have been used in the
tables to conserve =pace:

abs. ahsorbed

addit. addition

cale. caleulated or calculation

comp. competition or competitive

comput, computer

conc concurrent

corr. correction or cofTected

€ molar extinction coefficient

ferrocyan.  ferrocyanide

form. formatinn

radiation chemical yield (molecules

reacting or forming per 100 eV
ahsorbed)

irrad irradiatien

P 2-propanol

neut. neutral

m-eoL.m-2

obs. observed or observation
PNBA p-nitrobenzoate jon
PNDA p-nitrosodimethyl aniline
Brod. product

pulse
R radiolysis.
reac. reaction
rel. relative
RT room temperature
S steady
scav. scavenger or scavenged
thioevan.  thiocyanate
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Chapter II. Experimental Metheds

Several different methods of generating hydroxyl
radicals in water, or in aqueous solutions, have been
used. Among these are: (1) radiation chemical
methods in which water is decomposed by ionizing
radiation, as, for example, by electrons, (2) photo-
chemical methods in which hydroxy! radicals are
formed from water by the abserption of light in the
vacuum ultraviolet, or from hydrogen peroxide in
solution by the absorption of light in the ultraviolet,
and (3) chemical methods in which the hydroxyl
radical is formed in a chemical reaction as in Fen-
ton’s reaclion, or the reaction of titanous ion with
hydrogen peroxide.

The determination of the specific reactivity of
hydroxyl in its elementary reactions further requires
that the method of generation permits the isolation
and observation of individual elementary reactions,
preferably by fast reaction methods. The pulse
radiolysis method [1-5] has proved to be by far the
most effective fast reaction r-:~1"5|1|:r1l|u_- for the studs
of hydroxyl radical kinetics and it is from such
investigations that the bulk of the data izbuleted
here have originated.

The brief descripiion of the experi
which follows, is in no way intende
of technique. It is simply a hricf summ
to provide the general reader with some under
standing of the method of generating hvdrexy
radicals and of observing their reactions end
determining from such observations, the individual
rate constanis, It ic intended to give the reader come
appreciation of the complexities which zre en-
countered in arriving at the final resulis.

Radiation Chemical Methaods

The decomposition of water as a result of the ab-
sorption of energy from jonizing radiation passing
through it produces some stable products and some
reactive intermediates, the identity of which has
been well established by investigations extending
over three decades [6-8]. The principal reactive
intermediates are the hydroxyvl radical, which
exhibits oxidizing properties and the hydrated elec
tron (along with a smaller vield of hyvdrozen atom)
which exhibits reducing properties. The radiation
chemical decomposition of neutral water may he
r!'p‘lr:‘.'-'l‘nh'd as:

H?_O—‘W) OH,C;Q, H, Hz, HzOz, Hao;q, OH;Q(I)

In addition to the oxidizing species, OH, and the
reducing specics, e3qand H. there ie a emaller yield

of molecular products, hvdrogen and hydrogen
peroxide. These are thought to be formed, at least
in part, in local regions of high concentration of the
primary species resulting from the spatially inhomo-
geneous initial distribution of energy in the system,
in regions called spurs and blobs (depending on
their size). These have spherical radii which are
initially less than 100 A. The hydronium ion is
formed in the rapid ion molecule reaction which
forms the hydroxyl radical:

I‘]z()+ +H20=H30*+0H (2)

This reaction occurs in a time shorter than the
dielectric relaxation time and thus, before the H, O~
it solvated. Hydrated clectrons are formed in less
than 107! s as the secondary electrons in the
system approach ihermelization. Both OH and
eicare thus formed in times shorter than 10-1 s,
The hydroxide ion, indicated in reaction (1), is
formed by interaction of a hvdraied electron with
hydroxyl radical in the spurs.

The yields of these transient spacies are a fune-
tion of radiation gu: . For neutral
solutions and with
about 1 MeV the vields
the aymbol G} are: Gop=
0

+ and of pl

ol

Gy = 0.45,

0.1 molecules/100 e} regard to the study of
the kinetics of the hydroxy! radical then, irradiated
water may be regerded 2s essentizllv a two-radical
system of OH and e, . with H z2mounting to only ¢
percent of the tctal initial concentration of reactive
radicals. It 1s also poesible 1o convert the hydrated
electrons into hvdroxyl radicals by the use of nitrous
oxide as an electron scavenger. The occurrence of
the overall reaction

e Bl

e;q+N20+ H20=N2+ OH—+ OH_ (3)

the nature of which will be discussed in a subse-
quent chapter, thus creates very nearly a one-
radical system of OH in water, with the initial con-
centration ratio {OH]+/[H]o = 10.

It should be pointed aut that it is the nature of the
process of energy loss by the jonizing radiation that
makes the radiolysis of water the most convenient
method for generating hydroxyl radicals in aqueous
enlutinns The energy lnse proeess resulting in joni-
zation and excitation of the absorber system by elec-
tron impact, is one of coulombic interaction of
incident electrons with the system eleetrons and
depends roughly on the electron density of the



components of the system In dilnte snlntions of any
solute, therefore, it is the water which absorbs
almost all the energy, leaving the solute molecules
relatively unaffected. This is in contrast to the parti-
tion of incident energy in the photolysis of dilute
solutions, where the high energy photons neces-
sary for the decomposition of water or hydrogen
peroxide will also be absorbed guite strongly by most
solutes of interest even a1 low concentration,

It should also be understood that the energy of
the incident electrons is not a physical parameter
fundamental to the investigations since a continuous
electron energy degradation speetrum exists in the
system.

Although the initial spatial distribution of the re-
active transients in irradiated water is nonhomeo-
geneous and has itself been the subject of direct
investigation [13] on a time scale of 10~ s, this
heterogeneity is short-lived. The spurs have a
lifetime on the order of 10-% tn 10-2 «, after which
the distribution of the reactive transients becomes
homogeneous by diffusion. Most kinetic investiga-
tions of hydroxyl radical reactivity have been carried
out on a timc scale greater than 1078 s. The hydroxyl
radicals generated in this way are in the ground
electronic state and, presumably, in the ground
vibrational state since collisional de-excitation in
condensed phiase would be very 1apid.

Since the radiolysis of water provides such a
convenient means of producing hydroxyl radicals,
the development of the pulse radiolysis technique
furnished an ideal fast reaction method for the study
of their reactivity. In this method, the radiation is
delivered to the solntion in a single pulse, the dura-
tion of which may range from 10-'! to 10-% s. Most
investigations of hydroxyl radical reactivity have
utilized electron pulses ranging from 50 ns to 1 us
in duration.

The source of the eleciron pulse in such studies
may be any one of a number of different types of
electron accelerators. Microwave linear accelerators,
with energies ranging from about 2 to 30 MeV, are
used most extensively in such applications. Van de
Graff accelerators, modified to store charge and
deliver a single, high current electron pulse, usually
at 2 or 3 MeV, have been used in several labora-
tories. The Febetron?, an impulee machine utilizing
a capacitor bank with a Marx surge circuit to deliver
a pulse of fixed length at 2 MeV, is a convenient
source for pulse radiolysis. X rays have been used
infrcquently becauac of the conversion loss and have
not been applied in any of the work on hydroxyl
radicals. Detailed characteristics of most of the
sources used have been presented in a recent book
[4] on this subject.

The characteristics of the electron pulse, which
are of importance in fast reaction studies are its
duration and time-profile and its amplitude. Pulse

2 Centain commercial produrts and matraments are identibed in this work in order to
specily adequately ibe experimental procedare. In no case does such identification
imply recammendation or endersement by the National Burean of Standards

lengths ranging from 1 ns to 1 ws or longer are
readily available; pulse lengths of less than 20 ps,
from the fine structure of a microwave linac pulse,
have been used in a special application [14]. The
pulses with a duration greater than a few nane-
seconds are fairly well represented as a square wave-
form. Thus, the Van de Graaff at Argonne National
Lahoratory, with which pulses as short as 1 ns have
been used, has a pulse with rise time and decay
time of less than 0.5 ns. The microwave linac at the
Ohio State University, with which pulses generally
longer than 10 ns have been used, has rise and decay
times of 5 ns. It is an important convenience in the
interpretation of kinetic data that the time-profile
of the pulse approximates to a square wave—
particularly that the falling edge is represented
by a step function.

The pulse current must be high enough so that a
single pulse delivers sufficient power to the systemin
arder to praduce an nhservahle concentration of the
transient species of interest. With the shortest
electron pulses, currents in the range of several
amperes to several tens of amperes have been used;
with the longer pulses, currente are generally of the
order of 0.1 A to almost 1 A, In any event, the
magnitude of the product of current, duration, and
voltage of the pulse is such that, in most applica-
ltivus, a siugle pulsc will deliver in the 1ange of 0.02
to 5 J. With most systems, this is a sufhicient power
level to produce an *‘instantaneous” concentration of
transient species in the range of 107 M to almost
10-4 M. Such a concentration is readily detectable
by a variety of methods.

The solution inte which this energy perturbation
is injected is generally contained in a quartz cell
of rectangular or cyclindrical design with a volume
generally larger than a few ml, and, perhaps, up to
several tens of ml, depending upon the electron
beam energy. The power level is insufficient, there-
fore, to produce any significant temperature rise in
the system.

The reaction of interest may be observed by moni-
toring one of the properties of either the reactive
intermediate or of a product formed directly in the
elementary reaction, over an appropriate period of
time following the electron pulse, Properties which
have been uced are: optical absorption, optical emia
sion if this occurs, electron spin resonance ahsorp-
tion if the requirement of time resolution permits,
and electrical conductivity if the species is charged.
Optical absorption is the most veisatile of these
methods and has proved to be by far the most ex-
tensively used. In this case, the optical absorption
of a monitoring light beam passing through the reac-
ulon cell 1s measured by fast specirophotoelectric
recording at an appropriate wavelength, starting at, or
before, the time of the pulse and extending after it
for several half-times of the observed reaction. A
typical rate curve for the formation of a product in a
hydroxy! radical reaction is shown in figure 1. The
identity of the absorbing species may. in some cases,
be known from previous work in which the spectrum



FiGURE 1. Rate curve for the reaction of the oxide radical ion,
O-, with ethanol obtained by observing the formation of the
- C:HQ- radical ion ar 360 am fullowing @ 300.ns eleciron pulse
in an aqueous solution at pH 13.92 conraining 4.3 X 10-'M
ethanol

The [raction of the kight ranymitted is shown w & function of lime &1 # sweep speed of
1 iasfem on the oscilloscope. Nhata taken from reference [7), chapter IX.

has already been assigned; in others, it may be the
subject of some speculation in the event the identity
it based on the chemical behavior of the system.

Rate constants for reactions of the hydroxylradical,
with the exception of the combination reaction and
the reaction with molecular hydrogen, have not
been determined by observing OH directly. An
optical absorption in the far uv [15, 16a] thought
1o be that of the hydroxyl radical in water, is too
weak, and in a spectral region too readily obscured
by most solutes to be used for this purpose. Instead,
the rate curves for product formation have been
used.

In many cases, as will be explained, rate constante
have been determined by competition, in which the
relative concentration, rather than the rate, of a
product formed is determined. Such competition
meihods may utilize a steady radiation source such
as a Co® +y-ray source rather than a pulsed electron
source and will, in that case, involve the relative con-
centration of a stable product rather than that of an
intermediate.

Another radiation chemical method which has
been used effectively for the determination of rate
constants of two important reactions of OH, is the
equivalent of the rotating sector method. A pulsed
Van de Graaff acceleretor, in which the pulse dura-
tion and period could be varied, was used.

Photochemical Methods

Water vaper absorbs strongly in the vacuum ultra-
violet region of the spectrum, the continuum
extending from about 145 to 200 nm. This absorption
was, at first, thought to result in the photodissocia-
tion reaction:

H;) —— [H,0"] —— H:+ 0. @)

However, it was argued, on energetic grounds, that
the dissociation is not possible for wavelengths
longer than about 180 nm and that the primary
dissociation step is:

H.0 —— [H,0*] —— H+OH. (5)

The absorption spectrum in liquid water is dis-
placed slightly to longer wavelength. The first indica-

tion that reaction 5 also occurs in the ]_muui _p_hai,e.
was the demonstration that ferric ion is formed m'llhe
flash photolysis of aqueous solution of ferrous ion
with light of wavelength below 200 nm “_f’h'l- In
an extension of this work [17], the observation that
H.0- is a major product in the flash photolysis of
deaerated water, provided fairly reliable confirma-
tion that this reaction takes place. There is no ex-
perimental evidence that solutes, certainly at
concentrations less than 1 M, interact with the
primary excited state of water. Although liguid water
does not absorb above 200 nm, some mercury photo-
sensitized decomposition has been observed in
agueous solution, although the quantum vields are
rather low [18].

It was reported [19] that hydroxyl radicals are
formed by the photodecomposition of hydrogen
peraxide with light of wavelength 253.7 nm:

H,0, —— OH+ OH. (©)

Under some conditions the quantum yields for
H:0; removal can be extremely high, suggesting
the occurrence of chain processes, although, at
high light intensities, the chain length decreases.
A study of the kinetics of H,O; photodecomposition
indicated, initially, a primary quantum yield of
unity [20]. However, a subsequent investigation
[21] of the photo-oxidation of formic acid in solution
containing H,(: showed that the true quantum
yleld 1s 0.5. The kinetic behavivr of the decuinposi-
tion product is identical to that of the oxidizing
species formed in the y-radiolysis of water [22]
and there is now little doubt that it is the free
hydroxyl radical.

The fast-fiow technique has been used in an ESR
study [23] of the structure of radicals formed by
reaction of OH produced by H:0: photolysis. In
this technique, which, in some respects, is similar 10
that used in the fast flow ESR studies with the
Ti**+/H,0; reagent described below, H; O; solution is
photolyzed just hefore it is passed through the cavity
of the ESR spectrometer. Under appropriate condi-
tions, radicals formed by reaction of OH with a
second solute are sufficiently longlived to permit
their ESR specira to be recorded. As with the other
flow experiments, the strength of this technique lies
in its suitability for studying the structures of
radicals formed by reaction of OH.

Although attempts have been made to use HyO:
photolysis as a source of OH radicals for kinetic
studies [24, 25], its usefulness is restricted to those
few systems where the absorption of the solute at
this wavelength is low relative to that of H,O,.

It has been shown [26] that solutions of ferric ion
can initiate vinyl polymerization when irradiated
with light of wavelength 365 nm and oxidize aromatic
compounds, including benzene itself [27], to the
corresponding phenols. The evidence is strony that
the primary photochemical reaction involves an
internal electron transfer reaction in a ferric ion
complex which leads to ejection of the hydroxyl
radical from the solvation shell:



Fc OH?» — Fe2++ OH. 7)
In the case of bhenzene, the primary gquantum
efficiency for light of wavelength 313 nm is 0.13 |27].
There are no reports of this system being used for
determining any OH reactivities.

Chemical Methods

The Fenton Reaclion

In 1894, Fenton [28] reported that a variety of
Q.h}'dn:x}' acide could be oxidized ]"I}' mixtures of
hvdrogen peroxide and ferrous salt. Subsequently,
it was shown that polyhydric alecohols, sugars,
amino compounds, and phenols were similarly
oxidized while, at higher temperatures, some simple
aliphatic alcohols alsu reacted. The reactions
appeared to be specific to ferrous ion and were de-
pendent upon pH.

In the thirties, the classic work ot Haber and
Weiss, continued later by Weiss, led to the postula-
tion of the hydroxyl radical as an intermediate in
the Fenten reaction [29). This did much 10 clarify
the mechanisms of the many oxidation processcs
initiated by this reagent.

To explain the observation that ferrous ion was a
much better catalyet than the ferric ion in the
dehydrogenation of various substrates by hydrogen
peroxide, it was proposed that the initial step is the
reaction:

Fe~ 4+H,0;— Fe-+QOH-+OH-. @)
Adequate confirmation of the OH radical as an inter-
mediate, obtained first from an investigation of the
chain polymerization of olefins [30] was provided by
evidence from a variety of other systems [31-34].

The mechanism of oxidation of organic substrates
by the Fenton reagent can be complex. An initial
examination of the kinetics of oxidation of a range of
compounds [33, 34] appeared to indicate that the
reactions could be classified into “‘chain” and “non-
chain™ processes. [t was propesed that OH radicals
formed in acid solution by reaction (8) react with an
oxidizable substrate RH, by hydrogen abstraction
to form the radical R - . Since H:O; is present this
radical may react in a chain propagation step to
regenerate OH:

R-+H,0.,— ROH+0OH 9)
In such cases, low concentrations of ferrous ions
could initiate the chain oxidation of an excess of
organic solutc. If, however, reaction {9) were slow,
chain termination could occur by radical-radical
reaction by oxidation by FeIll. Since ferrous ion
can compete with the substrate for OH, it was
proposed that kinetic analysis of the data should
vield the rate constant ratio for these two reactions.
A large number of relative rate constants were
obtained by this method, although it is now known

=]

that the mechanisms propnsed are incomplete. No
account was taken of either the reaction of the or-

ganic radical with oxygen or the formation of HO;
in the chain propagation step:

The overall reaction mechanism is sensitive, there-
fore, to the relative concentrations of the various
solutes. Nevertheless, the kinetic data are inter-
esting from the historical viewpoint in that they
represent the first systematic study of OH reactivity
generally.

Although the Fenton reaction has been used in
more recenl years for a study of some OH rate
constants [25] the complexities of the oxidation
mechanisms seriously limit its reliability as a general
kinetic method. As is the case with the titanium/
H.O; system described below, the usefulness of the
Fenton reaction lies more in its application in fast-
flow/ESR techniques where the emphasis is on the
structure of the radicals formed by reactions of
OH rather than on the kinetics of the processes.

Titanous lon

Titanous ion, Ti3*, reacts with H;O; in a process
analagous to the Fenton reaction, although it has
been reported that the reaction is faster [33].

Ti3+ + H, 0, — Ti** + OH+ OH~. (11
A convenient and fruiiful method of studying re-
actions of the OH radical generated by this reaction
has been used [36, 37] in which the reactants,
titanous ion, H.Q:, and an organic substrate, RH,
are mixed in a rapid-flow apparatus. The combined
solution is then passed through the cavity of an
electron spin resonance spectrometer a short time
after mixing and the ESR spectra of the transient
free radicals formed by reaction of OH with the
substrate are recorded.

The mechanism of the titanous ion/ Hy ), reaction
is undoubtedly complex. The OH radical produced
in (11) reacts with both TP~ and H;(O. forming,
respectively, Tit* and HO. radicals. The relative
efficiency with which OH can react with an added
substrate then depends on the rclative solute con
centrations. However, further complications arise
from the existence of complexes between H; O, and
the Ti** ions formed in the reaction. In the ESR
specirum observed alter mixing Ti* and Hz Oy, Lwo
singlet lines are observed which have been at-
tributed to separate species in view of the different
time constants for the decay [38, 39]. There is little
doubt that the singlets are due to complexes of
titanium ions and oxyradicals {40, 41] and recent
evidence [42)] indicates that the radical involved in
hoth complexes is HO,.

Tt has been suggested [40] that the reactive
agents in the oxidation of organic substrates are
complexes containing titanium ions and OH radicals
and not free OH and that they are responsible for



the singlet spectra. Double mixing experiments have
shown. however. that this is not so [43].

When Ti** and H.0O; are brought together a
short time before an organic reactant is added, both
singlets are still observed. They are not quenched
and are certainly due to relatively unreactive
species. As would be expected, unless an oxidizable
organic substrate is available for reaction im-
mediately the OH radical is formed, OH will react
with other species in the system. However, there
seems little doubt that, despite the complexity of
the reaction when such a compound is available at
the time of mixing, the reacting species is the free,
uncomplexed hydroxyl radical. This is confirmed
further by the considerable data concerning the
nature of the radicals formed from various organic
substrates. Where comparisons are possible, agree-
ment with pulse radiolysis data on radical assign-
ments are good. Examples of reactions studied by
the Alow method include addition of OH to aromatic
[44] and various unsaturated aliphatic compounds
{459 %]'

The strength of the fast flow/ESR method lies
in the facility for determining the structure of the
radicals produced by reaction of OH. However, the
limitations imposed by the time resolution availahle
with the method and the complexities of the
mechanisms involved, make it less suitable for the
quantitative measurement of the kinetics of OH
reactions.
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Chapter III. Kinetic Analysis

The rate constants in this compilation have been
determined by ome or another of the following
methods, for which the kinetic analysis will be
indicated and some of the requirements and pit-
falls mentioned. Three of these methods lead to
absolute values for the rate constant, while a fourih,
very commonly used, leads to relative values in
which only the ratio of the rate constant to that of a
competing reference reaction is known.

Direct Observation of Product
Formation

Direct ohservation of the rate curve for the
formation of a product is feasible if the product, P,
has a sufficiently strong and accessible optical
absorption,

OH+X=P. 1

P may be an adduet free radical, where X represents
a stable molecule or ion, a free radical formed by
abstraction of hydrogen, or a radical or ion-product
of the oxidation of an ion. If no concurrent reaction
of hydroxyl radical such as

OH + OH = H,0, @)

is competitive with reaction (1), a condition that
will obtain if the ratio &;{X]o/k:{OH]Jo is sufficiently
large, say, greater than 50, the rate equation for
produet formation is, simply,

diP]

4 = ka[OH][X], ®

which reduces, for the condition [X], » [OH] to
—f% — k;[OH]. 4)

Since the formation of P and the disappearance of

OH are complementary, the integrated form of
this equation, in terms of the optical density,
Dy, of P at any time, is:

Ing (D. — D) —log N, = — 0 4343k}, (5)
k1, the first order rate constant, may then be obtained
from the slope of a plot of log (D, — D) versus time,

which should be linear. The absolute value for k,,
the bimolecular rate constant, is then obtained from

k= k/{X]e (6)

In this application, P must be the only species
absorbing at A;, the monitoring wavelength, whose
concentration changes sensibly during the observa-
tion. It is generally not satisfactory, because of the
insensitivity of log plots, to rely on a linear plot
at only a single concentration of X, but rather more
desirable to demonstrate constancy of k&, with
variation of [X]o over a reasonable range. If several
products are formed concurrently from OH and X
in reaction (1), &; will be equal to the sum of the rate
constants for the individual reactions.

If the ratc of rcaction (2} is not negligible rclative
to that of (1), some deviation from linearity will be
observed and the occurrence of (2) must be taken
into account in the treatment of the data. This can
be done yuite readily by analeg o digital computer
calculation since the value for k., as will be seen, is
known absolutely. In some cases the reaction of
€54 and of H will not interfere in the foregoing direct
determination of k;. In others where one or other
may result in the formation with a rale constant
differing from k, of a product also absorbing at A,
it is necessary to convert e;, into OH by means of
reaction (3) chapter II, and ro take into account the
reactivity of H, the concentration of which then
amounts to only 10 percent of that of OH.

An experimental condition which has occasionally
been overlooked in such rate constant determina-
tions and which can result in small, but significant
errors, is the nonuniformity of the radiation fux
throughout the cell volume. A variation of the initial
concentration of reacting species along the path of
the analyzing light has no effect [1, 2] upon rate
constants for first order reactions and only a small
effect in the caze of second order reactions. Varia-
tion across the light path in the direction of the
electron beam, if these are at right angles, has a
small effect on first order constants and may
have a sigmficant effect upon second order con-
stants, as has been indicated with numerical
examples [1, 2].

A considerable number of absolute rate constants
for reactions such as addition to aromatic molecules,
electron transfer from anions, and a special case of
hydrogen abstraction, have been determined by
such oboervation of produet formation in pulse
radiolysis. Included are some reactions which may
be used as reference reactions in competition meth-
ods. With proper attention to the experimental
conditions and care in analysis of the data, absolute
rate constants have been obtained with an uncer-
tainty as low as *10 percent in the accuracy,
which represents very nearly the best attainable.



Direct Observation of the Hydroxyl
Radical Disappearance

This method, which is, in principle, the most
desirable one, has proved feasible [3-5] for only
two reactions, the recombination, reaction (2), and
the reaction with molecular hydrogen. As will be
seen in chapter IV, a weak optical absorption at
wavelengths below 280 nm, seen in irradiated water
under appropriale conditions, is thought to be that
of the hydroxyl radical. By monitoring this absorp-
tion in the presence of a sufficient concentration of
hydrogen, an approximate value for the rate con-
stant of the reaction

OH+H;=H.0+H (7)

known more accurately from other methods, was
determined. In this case for the condition [H.le >
[OH)s. the integraied form of the differential rate
equation, in terms of the optical density of OH, is

log D, —log Do=—0.4343k.s. @)

k7 may then be obtained absolutely from the slope
of the straight line resulting from a plot of log D,
versus time, if [H:]s is known.

With N:0 present to convert e, to OH, the rate
constant for reaction (2) was determined. If (2)
were the only reaction occurring, the integrated
form of the differential rate expresszion for the dis-
appearance of OH, in terms of its optical density,
would be:

)
where €} is the molar extinction coefficient of the

hydroxyl radical a1 the wavelength, A, of observa-

tion. €} may he determined provided the dose is

known, since the yields of OH and of e, are
accuralely known., The absolute value for k; may
then be determined from the slope of a straight line
plot of 1/D; versus time. Since there is some con-
tribution from the reaction

OH+ H=H,0,

2k
€l

14D —1{Dy= ( @

(10)

this was taken into account in evaluating k,.

The limitation on the application of this method
stems from the fact that the absorption of OH is
very weak and is in a region of the spectrum in
which most solutes as well as HO;, an intermediate
formed in the radiolysis, absorb rather strongly.

Competition Kinetic Measurements

Here only a relative
determined.

rate constant can be

Stationary State Systems

Whilc it is truc that the pulsc radiolysis technique
has provided most of the accurate OH-rate data
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now available, much of the basic information con-
cerning the general mechanisms of reaction of OH
has derived from the considerable effort directed
to the study of the stationary-state radiolysis of
aqueous solutions, In such systems, irradiated at
the dose rates available with conventional x- or
y-ray sources, the duration of the irradiation is
many orders of magnitude greater than the lifetime
of the OH radical formed under these conditions.
Consequently, throughout the course of the radioly-
sis, this species is present at a constant, but ex-
tremely low, concentration. lts reactiens cannot be
observed directly and the determination of the
reaction mechanisms depend entirely on the qualita-
tive and quantilative estimation of the final, stable
reaction producls.

In aqueous solutions, therefore, the reactivity of
the OH radical must be obtained by analysts of the
vields and distribution of these final products. It
can only be expressed relative to some other
reference rate constant which itself has 1o be
determined absolutely by some other method. The
reliability of rate data so determined is dependent,
therefore, on the accurate knowledge of the overall
reaction mechanism. However, in spite of these
difficulties, useful rate data have been obtained from
stationary state kinetic competition analysis.

In principle, two general methods are employed
for the determination of a relative rate constant for
for reaction of OH with a given solute. In the first
method, the kinetic analysis is based upon the effect
of an additive on the yield of a stable product
which results from reaction of OH with the solute.
In the second, the competition is measured by the
effect of the additive on the rate of removal or
modification of the oniginal solute.

The formic acid system [6] is an example of the
former method OH radicals react with this solute

to form the carboxyl radical, COOH:

OH+ HCOOH — H.0 + COOH. {11)
In the presence of ferric ion, at low pH, carboxyl
radicals are oxidized to CO. which can be collected
and measured after the radiolysis is complete:

COOH + Fe?* — CO, + Fe?* + H~. (12)
With a second solute present, which reacts competi-
tively with OH, the yield of CO: will decrease.

If G(CO,) is the radiation vield of carbon dioxide
resulting entirely from reaction (12), then the effect
on this yvield of an added solute is given by the
eqguation:

L, kalX]
G(CO,) " kn[HCOOH]'

where [X] is the concentration of the added solute
and k; and k,; are the respective rate constants for
reaction of OH with each solute. The relative rate
constaul rativ AgfA)y is vblained from the daia ex-
pressed graphically according to eq(13).

13)



Examples of the second type of stationary state
competition system includes those in which the
highly-colored compound, paranitrosodimethyl-
aniline, PNDA (7], and the pyrimidine base, thymine
[8-10], are used as reference solutes.

The compound PNDA has an intense optical
absorption band with a maximum at 440 nm where
the molar extinction coefficient is 3.42 X 104M-!
cm~!. The reaction product of OH with PNDA,
believed to be an adduct radical, has a much weaker
absorption at this wavelength. Consequently, ir-
radiation of an aqueous solution of this compound
leads to bleaching of the solution. In the presence
of a second solute which can compete effectively
for the OH radical, the extent of the bleaching is
reduced. Simple kinetic analysis of the data vields
the relative rate constant ratio for reaction of OH
with the two solutes.

The thymine method is similar in principle to
that employing PNDA as the reference solute. The
presence of the 5:6 double bond in this molecule
gives rise to a strong optical absorption band at
264 nm (€= 7.95 X 10°M! ecm-1). It is well es-
tablished that OH radicels add to the 5:6 double
bond in thymine and, since this reaction destroys
the chromophore, reaction of OH can be followed by
direct measurement of the radiation-induced bleach-
ing. Provided that the ultimate product of reaction of
OH with a competitive solute does not contribute
to the final absorption (or, if so, the extent of the
contribution must be known) the relative rate
constant for the solute can be determined.

Although both these competition methods have
been used extensively, their reliability depends
ultimately on the validity of the overall mechanisms
assumed for the competition. Both solutes have
been used, however, as reference standards for
competition studies in pulse radiolysis where less
emphasis need be placed on knowledge of the
vverall reaction mechanism. This is discussed later
in chapter XI.

Pulse Radiolysis Methods

Several competition methods are available where
the pulse radiolysis technique is used for obtaining
relative OH rate data, although, as before, the
validity of ubsolute rate consiams derived from the
data depends upon the accuracy with which the
reactivity of OH with the reference solute can be
determined.

As with the stationary state systems, two general
spectrophotometric methods are available. In the
event that the reference solute has suiteble optical
absorption properties, the reaction of OH radicals
can be measured by observation of the bleaching of
this absorption. The reaction of a competitive solute
is indicated by a reduction in the exient of the
bleaching, provided the transient product has a
weaker absorption in the relevant region ol the
spectrum. Alternatively, the reference solute may
react with OH to form a transient product with a
much stronger absorption than the stable solute,

482-021 OL - 73 -2
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In this case, provided the product of OH reaction
with the competitive solute does not absorb strongly
in the same region, the competition is followed by
measurement of the suppression of the transient
ahsorption.

The competition kinetics of such systems are as
follows: A solution containing a reference solute,
A, of concentration [C] and a concentration [S]
of a test solute B is irradiated by a short electron
pulse. The OH radicals then react with either solute
in proportion to the products of the concentration
and rate constant of the respective reactions:

OH+ A a, absorbing product

OH + B ks, nonabsorbing product.

If A, is the optical density of the absorbing product
when solute B is abhsent and A is the optical density
when solute B is present, then it follows that

Ao _ kb[s] .
AT ka{C] 4
A plot of A,/4 against the ratio of solule concentra-
tions is linear with the slope equal to ky/kq.

The rate constant k, can be derived, assuming
that the reference rate constant, %,, can be meas-
ured directly.

The carbonate radical, CO%- was the first refer-
ence syslem used in pulse radiolysis for the deter-
mination of OH rate data [11, 12]. The carbonate ion
reacts with OH 1o form the transient radical, CO;,
which has an absorption maximum at 600 nm. Reac-
tion of OH with a competitive solute suppresses this
absorption band. An advantage of this system is that
it can be used in aerated solution, although the draw-
backs include the rather low extinction coefficiant
(e*"*=1.8 X 10°M-* ¢m~'} and the obvious restric-
tion to alkaline solutions.

Other systems were introduced in which the
extinction coefficient of the reference abeorption
band is much higher. These include the halide and
pseudohalide radicals, 1; [4), and (CNS); [12),
which have absorption maxima at 390 nm and
480 nm respectively. The serivus disadvantage
with systems of this type, which, in some cases may
invalidate the method, is due to the fact that the
reference absorptions are not formed in a one-step
prucess. In the thiveyznate system, for example,
the absorbing radical, (CNS);, is formed ac-
cording to

OH i CNS- »CNS (15)

CNS+ CNS- = CNS;. (16)
It has been shown |13] that reaction (16) is somewhat
slower than reaction (15) and is thus rate deter-
mining. Since the measured rate constant (6.6 X 10?
M-t s7!) for the formation of the absorption refers



to reaction (16), rate constants for other solutes
measured by competition using this value are too
low. Neveriheless, as will be discussed later, the
large amount of published rate data for this system
can be successfully normalized by arbitrary fitting
with apparent self-consistency. Added kinetic
complications which would arise if competition
reactions of the uncomplexed CNS radical were
to occur, seem to be unimportant in this system.

In similar competition studies where the Bry
absorption, formed from OH oxidation of bromide
wns is used as the reference absorplion, these
complications are probably present [12). The com-
petition between carbonate and bromide ions for
OH can be followed either by monitoring the CQjy
absorption or that due to Bry. In either case, the
rate constant for reaction of OH with Br- was found
to be 1.8 x 108 M-! 5!, However, the value ob-
tained from direct chservation of Brgy formation is
considerably larger. Pulse radiolysis systems in
which the competition is measured by the effect of
the second additive on the OH-induced bleaching
of an ahsorbing reference sclute, have been used
fairly suceessfully. Both the thymine and paranitro-
sodimethyl aniline methods, used onginally under
steady state conditions, have heen adapted for use
in pulse radiolysis experiments. As discussed
previously, the validity of the stationary state
experiments depends on the validity of the reaction
mechanism assumed. However, in pulse radiolysis,
since the competition is followed by direct obeerva-
tion of the extent of reaction between OH and the
reference solote, subsequent radical reactions
which could complicate the overeli mecharism,
become irrelevant,

A pulse radiolysis reference svstem which has
much to commend it, is that in whick {errocvanide
ien is used as the refecence sciute 714, 3], The
in ig exidized by GH repidir end cusntiedively in
the simple, cne-electron trensfer reastion:

GH + {Fe(CN)e]* —= OH- + [Fe(CN)k]-.  (I7)

The product, ferricyamde ion, is siakle and has z
characteristic zhsorption bend with 2 maximum at
410 nm {e"°=1000 M-! cm'}. Further. it can be
used over the entire range of pH. Although radicals
produced by reaction of OH with the competitive
solute may, in some cases, react rapidly with the
ferricyanide ion formed in (17) at the radiation
doses which may be used in this technique, the
rate of such reactions are still too slow to prevent
accurate measurement of the initial values of the
absorption.

Intermittent Irradiation

Intermittent irradiation [16] may be employed
with application of the rotating sector methed [17].
An absolute value for k; and a value for £, relative
to k; have been determined by this method. The
intermittency was provided by a pulsed, 1.5 MeV
Van de Graaff aceelerator, with variable pulse
length and variable frequency (although the offfon
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ratio was fixed at 7.5} with the period for a cycle
variable from 10~ to 5 s. The product, of which
the yield was measured, was hydrogen peroxide at
steady state, [H;O:]s, using intermittent irradia-
tion and with a steady beam, {H,0:],. Data were
presented of [H;0.],/{H:0.), as a function of r,
the pulse duration. With a risetime of 1 us the pulse
has a square waveform which simplifies the inter-
pretation of retating seclor data.

A modification of the kinetic analysis normally
used in the rotating sector method (in which product
formation rate is proportional to the average con-
centration of the rate controlling transient) was
necessary, since the concentration of measurable
products here is at steady state. The analysis in-
volves the overall mechanism for the water radiol-
ysis. The experimental quantity, [Hy Oz 1./ [H2O: 14,
is a complex function of (a) r and the offfon ratio,
(b) the beam intensity, {¢) the relative rate and,
hence, rate constants of the individual reactions,
(d) the ratio [0:]/[H:0,] under steady beam
conditions and, (e) the yield of OH and of H;. The
function is solved by trial and error by fitting 10 a
curve of H:0,./[H.0.], versus Ay [H,0.]y 7
from which the value for %; is found. Notwith-
standing the complexity of the function used, the
uncertainty in ks is only =10 percent. Since
kefk? is also obtained in this experiment, a relative
value for the recombination rate constant is de-
termined. The reader is referred to the orginal
popers for the detailed interpretation of the data
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Chapter IV. Physical Properties and Chemical Equilibrivm

Those physical properties of the hydroxyl
radical in water which pertain most directly to its
chemical reactivity are the pK for its ionic dissoci-
ation, which has been accurately determined, and
its diffusion coefficient, which has been estimated.
Several other properties, such as the optical
absorption spectrum, electron paramagnetic reso-
pance absorption spectrum, and electron affinity
which are alse known, are given here.

The hydroxyl radical is a neutral free radical.
The determination that it bears zero charge when
formed in water radiolysis was made in two ways,
by comparison of the reactivity [1] of OH produced
in radiolysis with that produced photochemically
and by the use of tests of the kinetic salt effect
HZL In the former, the chemical behavior of photo-
ytie and radiolytic OH was shown to be the same;
in the latter experiments the absence of any kinetic
salt effect showed that the oxidizing species in
water radiolysis bore zero charge. This conclusion
was an important step in identifying the species as
OH. The formation of hydroxyl radicals in irradi-
ated jce and in various irradiated hydrated crys-
tals, has also been shown [3, 4] from its ESR
gpectrum at 4.2 K and 77 K. This spectrum consists
of an asymmetric doublet in accord with the inter-
action of the unpaired electron with the hydrogen
atom. The isotropie hyperfine splitting in ice was
—26.3 Oe compared with —26.7 Oe in the vapor
phase [5] and a calculated value [6] of —24.2 Oe.
This ahservation of OH in irradiated ice further
supports the conclusion that it is formed in water,
but to the best of our knowledge, the ESR spectrum
has not been observed in the liquid phase, very
likely becauee of the low steady state concentration
and short lifetime. ‘

The electron affinity of the hydroxyl radical in
the gas phase does not appear to be known accu-
rately, and experimeontal estimates cover o sub-
stantial range. A value [7, 8] of about 2 &V or
slightly higher, seems to be correct. The heat of
hydration of the hydroxide ion is estimated [9] to
be about 88 kcal/mol. The sum of this value and the
electron affinity of OH in the gas phase would then
place the electron affinity of OH in water at about
58eV.

The hydivxyl 1adical belaves like a weak acid,
undergoing ionic dissociation in strongly basic
solution:

OH+OH- = 0~ + H,0. (1)
The pK for this equilibrium is 11.9+0.2. Since
O-, the basic form of the hydroxyl radical, exhibits
substantially different chemical reactivity than the
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more familiar form, OH, we may expect the apparent
reactivity of the hydroxyl radical to show a marked
pH-dependence in the region of pH from about
10,5 to 13.

This difference in reactivity was, in fact, used
[10] to determine the pK in the following way. The

reactivity of OH with ferrocyanide is much greater
that that of O-.

0H+ [FC(CN)G].r= OH_"' [FC(CI\WG]J’, (2)

H.0O

O-+ [Fe(CN)s]*~ = 20H+ [Fe(CN)]3-. 3)
This rate of formation of ferrdcyanide ion was ob-
served by pulse radiolysis as a function of pH in
the appropriate range. With k; ® k;, the following
equation holds:

log (kx/k—1)=pH—pK 4)
where k is the agparem rate constant for reaction
of both OH and O-. The data gave pK=11.9+0.2.
This was also confirmed in later experiments in
which the reactivity of hydroxyl with carbonate
ion was studied [11], which gave pK=11.8%02
and with thiocyanate ion [12] which gave
pK=11.9+0.15.

The reverse of (1), the reaction of O to form OH,
involves a water molecule rather than the hydronium
ion which is present in very low concentration at
such high pH,

The reactions of OH and of O~ are listed in
separate chapters in this compendium, where the
difference in reactivities may be readily compared.
These differences in reactivity with compounds such
as oxygen and aromatic molecules are so large as to
be qualitative.

The hydroxyl radical in water appears to show
a weak optical absorption in the far ultraviolet,
which has been recorded in pulse radiolysis
studies [13—-15) In the gas phase, OH exhibits a
scrics of foirly strong absorption bands [16] at
280 to 306 nm. In water, a weak absorption, which is
thought to be that of the hydroxyl radical, is seen,
starting at about 300 nm and increasing at shorter
wavclengths to 200 1w, the limil ol messurements
made. This absorption, which seems to be eontinu-
ous, is shown in figure 2 in which data from two
groups of investigators is included. If any fine
structure existed, it would not likely be seen in such
spectrophotometric measurements with a relatively
large band pass. The identification of this absorp-
tion with OH is based upon two ohservations:
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(1) with N+O present, the optical density is duubled

in accord with the conversion of e- to OH and,
aq

(2) the decay kinetics of the absorption in this sys-
tem in which [OH]J/[H]o =10, and there are,
ostensibly, no other radicals present, gives values
for A_DH.{.Q}E ﬂhd km{_“, in (]I.I.i'l.E EDDd agreement
with the values obtained by other methods. Molar
extinction coefficients of 370 M-! cm~" at 260 nm [13]
and 530 M-' em~* at 230 nm [15], in fairly good
agreement, have been reported from the two
laboratories. The suggestion has been made [15]
that this absorption is a red-shift of the water
continuum resulting from a partial electron transfer
from the first excited singlet state of water to a
neighboring OH radical,

It should be understood that experiments in this
spectral region, involving as they do a weakly
absorbing transient, are difficult and complex in
that there are overlapping absorptions from species
such as H, OH-, and H:0: However, appropriate
corrections [15] have been made and the agreement
in the observation lends confidence to the validity
of the assignment. The existence of the absorption
maximum reported [13], does, however, depend
upon the optical density measurement at a single
wavelength. A somewhat similar absorption thought
to be that of O~ has been observed [17] in strongly
basic solution, but no definitive evidence for the
assignment has been obtained,

The diffusion coefficient of the hydroxyl radical
in water was estimated [18] from the value de-
termined for the rate constant of the reaction of
hydroxyl radical with catalase, which is 8.3 X
10 M1 =1 at 25 °C. The diffusion coefficient was
nbtained from this value and from the Smoluchow-
ski [19] equation on the assumption that the reac-
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tion was diffusion-conirolled and thar the catalase
was stationary, with OH being the only diffusing
partner. With the reasonable approximation that
the sum of the radii of interaction is equal 1o the
molecular radius of the catalase molecule, a value
of 23X10-% em? =-! at 25°C was estimated for
the diffusion coefficient. The assumption is also
inherent in taking the rate constant to be diffusion-
controlled, that no factor of geometry is involved in
the value for the specific rate. If this were not the
case, the value determined would then represent a
lower limit for the diffusion coefficient of OH.
Table 1 summarizes these physical properties of

OH.

TaBLE 1. Physical properties of OH in water

at A <300 nm
=370 M1 pm?
€eM=530 M- ¢!
pK 11.9=0.2
Diflusion coefficient 2.3xX10-5cmis!

Optical absorption
Mula eatincilun coefficlem {

ESR spectrum fice) Doublet
Electron affinity (gas phase) 2 eV
Electron affinity (aqueous-cale.) 58 eV
Heat of ionization?® 0.44 eV
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Reactant

acetanilide

acetophenone

acrylamide

aniline

N N-dimethyl
aniline

anisole

benzamide

benzene

benzene-ds

benzene-sulfonamide |

benzene-sulfonate ion

TABLE 2. Addition reactions

MM-1571) | T(*C)
5.0 x 10? | 25
t*{650.7) %X 10" | RT
4.8 100 25
5.2 x10* RT

* 5.4 % 10¥ RT
(33+0.6) x10°  18-25

(3.3+0.8)x10* | 203

4.7 x10* RT
*6,8% 10% |  RT |

[
(6.9+09)x10° | 18-25
8.9x10° 25
8.9x10° 25

|
+*(1.2+0.3) x 10 ! RT
6.0 10° 25
4.4 % 10° 25
(7811 x 1P RT
6.7x0.7)x 10¢ 18-25
4708 x10° 18-25
*33+08)x10* 25
32% 108 | RT
5.0x10P | RT
4.B==0.5)x10¢ RT

(4.320.9) x10* 23 |

H16=1.9)x10° RT

:
(4.7 + 0.9} % 10° 23
28x 100 | 25
3.0x10° | 25
1*3.7+06)x 10* RT

pH

9

1 |
9

10.7

10.7

6-7
2.0-2.2 |
neut.

neut.

neut,

Ref. | Method

[7] | S irrad. with PNDA

[8) | PR prod. form.

[7]1 | § irrad. with PNDA
[17] | PR comp. with ferrocyan
{171 | PR prod. form.

[10] | 8 irrad. “CO, form.

from benzoic acid

[11] PR comp. with OH+ CN§-

[17) | PR eomp. with ferrocyan
[17] | PR prod. form.

[10] | S irrad. '*CO; form.
from benzoic acid

(7] | S irrad. with PNDA

{7) | S irrad. with PNDA

8} [ PR pred. form.
(7] | § irred. with PNDA

{7

{8]
[10]

S irrad. with PNDA

PR prod. form.
S irrad. MCO,

form. from benzoic acid
[10] | § irrad. “CO,

form. from benzoic acid
[12] | PR prod. form.

[13} | PR comp. with I7 form.

{14] | PR comp. with OH+ CNS-

[15] | PR comp. with thymine
1l

(16}

PR prod. form.

PR comp. with PNBA- ion
[1] PR prod. form.
(7] | S irtad. with PNDA

S irrad. with PNDA
PR prod. form.

(7]
(8]
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Comments

| Rel. 10 koys mpa=1.25% 101
Absolute. N;O added, H-com.
| Rel to kogapupa=1.25% 10
Rel. 10 koy+ recroevmn, = 3.3 % 10°
| Absolute. N;O added

ReL 16 & gua benzoan = 5.6 X 10°
with ratic=10.59, €], seav.
i by 01

|Rel to kf | = 1.1%10°

Rel. 10 Aou+ rerrocyan, =0.3x }0*
| Absolute. N0 added
|
Rel 10 & gys nenaoate = 3.6 X 107
with Tatio= 1.24, ¢7_scav.
by O
| Rel 10 kogepnpa=1.25% 1000

| Rel. to kaw+pupa=1.25 % 101*

Absolute. N;O added. H-corr.
[ Rel 10 kgyervpa=1.25 X 100

Rel 10 kpysenpa=1.25% 10'°

Absolute. N,O added. H-corr.
| Rel. to kousnenzose = 5.6 2 10
wilth ratio= 1.2. e[ scav.
by O,
| ReL to kopspensoe=4.3% 10*
with ratio=1.1
| Absolute. No H-scav. used,
.. conc. H-addit.
Rel 1o k,oH+1- with ratio=
0.31, but doubtful since
| 1+ 1~ may be rate
Limiting.
Rel to 478 =11x10"
with ratio=0.45
Rel. 10 konsymine = 4.7 X 10°
with ratio=1.02
Absolute. No H-scav. used,
but may be trace O present.
Rel. to kopepnpa=2.6 X107

| e removed by scav.

I Absolute. No H-scav. used,

hut may he irare (), precent

| Rel to koﬂ+m|;‘= 1.25 X 10
i or koy + canson = 1.85% 10°

Rel. 1o kopepnpa=1.25 % 101*
Absolute. N;O added H-corr.



TABLE 2. Addition reactions —Continued

Reaciant

benzoate on

p-amincbenzoale ion
n-hramohenzaate ion

p-chlorobenzoate ion |

p-fluorabenzoate ion |

p-hydroxy-benzoate

on

p-methoxy-benzoate

ion {anisate ion)

p-methylbenzoate ion|

{4-toluate ion}

p-nitrehenzoare lon

benzoic acid

benzonitrile

benzyl alcoho}

carbon monoxide

carbon dioxide

rhlnrnhenzens

1.3-cyclohexadiene

S I

4.2 100
F*6.0+0.7yx 10°
175.7=0.2)x 100

5.5x 107
54x10%

7.9%10¢
3.1 e

1*5.0+0.8) X 10°
32x1p

3.5x10°

"2y x 10¢
5410

5.0x10¢
44X 10P
1*2.6x 04} % 10°

| 2.0 109

t4(4.3+0.8) x 10
[ *21zx03)xi0

56x11)x10*

1*4.9+0.6)x J0P
33100

| 6% 1P
*B5x1(*

L]

"(8.4£1.2) X 10° |

5.4 108
7.1x108

< 107

{6.2:x0.7TY X 10°

+(9.8£2.5) X 10° |

Ti"C)

25

RT |
RT

RT
RT

25
25

RT

25

RT
25

25 |

RT
25
25

18-25

RT

| 18-25

25 |
RT |

RT

25 |

| 20-25 |

RT

18-25

RT

pH
9
6-9.4

6-7

neut.
10.7

6.3

neut.

neut.

10.7

neut.

Method

Hef.
(7] | S irrad. with PNDA
[8] | PR prod. form.
[17] | PR prod. form.
. (14] | PR comp. with OH + CNS-
f17] ' PR comp. with ferrocyan.
(7] | 8 irrad. with PNDA
[7] I S irrad with PNTVA
[8] | PR prod. form.
(7] |S irrad. with PNDA
(7] |S irrad. with PNDA
[8} |PR prod. form.
: [7) |S irrad. with PNDA
f
| [7} |5 irred. with PNDA
1
[7] 'S irrad. with PNDA
{8} | PR prod. form.
[7] | S irrad. with PNDA
(3] I PR prod. form.

{12} | PR pred. form.

[10] | 8 irrad. *CO; form. from

benzoic acid.
|

(8] PR prod. form.

[10] | S irrad. CO; form. from
benzoic acid

[7] | S irrad. with PNDA

{39] | PR prod. form.

[8] | PR prod. form.
[18] | Phot. HyO; sol.
(19} | Fenton's reagent comp.
[20] | PR prod. form.

r10) |

§ irrad. 4CO» form.
from benzoic acid
[16] PR comp. with PNBA- ion
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Comments

Rel. 10 koys papa = 1.25 X 10'¢

Absoclute. N,O added. H-corr.

Absolute. N,O added. No H-
corr,

Rel to kT .. =1.1x10%

Rel. 1o kouierenayan =9 3 X 1P
Rel to koyspwpa =125 X 100

Rel 10 4oy, ppps =1 25 ¥ 101®

| Absolute. N;O added. H-corr.

Rel to kouspmna = 1.25 X 10
Rel. to kopepmpa = 1.25 X 108

Ahbsolute. N;O added. H-comr
Rel to koy,pupa = 1.25 % 10°°

Rel. to koupuos = 1.25 3 100

! Rel. 10 koﬂ4mn =1,25xX 10"

Absolute. N:) added. H-corr.
Rel. to kDH+PN'D.A =125 %10

Absolute. N;Q added. H-corr.

Absloute. No. H-scav. used .
conc. H-addit.

Rel. 10 Loyt penzoas = 5.6 X 10°
with ratio=1.0, ¢;, scav.

by Oy

Absolute. NyQ-added. H-corr
Rel. 10 kouetengoaie = 5.6 X 10¢
with ratio=0.59, e;, scav.

by Oy
Rel 10 "ou+mn =1.25 10"
Absolute. N;O added. No corr.
H-atom

Absolute. N;O-added. H-corr.

Rel. t0 ko o, = 4.5 % 107
Rel to koysper+=3.3 %X 108

with ratio=2.14

Absence of trangient prod. sets
Limit

Rel. 10 kouininzann=5.6 % 10°

| with ratio=1.1, ez, scav. by O4

Rel. to kop+ mma = 2.6x10° L
removed by scav. H abstrac-
tion amounts to 30 percent



TanLe 2.

Addition reactions — Continned

Reactant I EM-ts 1) i T(C) l pH Rel. | Method Lomments
LAcyclohesadiene.  $(7.21.9)X10° | RT | neut | [16) | PR comp. with PNBA- ion | Rel. to kom.mpa=26% 100 o2,
| | removed by scav. H-abstrac-
tion amounts to 45 percent
cyclohexene | (B.8x2.2) %10 RT | peur [16] PR comp. with PNBA- ion | Rel to Aoy pnpa—= 2.6 % 10°
| ! 1 | e- removed by scav.
[ | | -
dimethylsulioxide | TIX10P RT | neutL. l [20] | PR comp. with 0H+CNS'i Rel.to kTt =1.1x10"
1
dimethylthioether | 8.7 x ¢ RT i peut. | [20] | PR comp. with OH+ {Rel o gt  =11x100
| | methanol | with ratig="0.79, s seec-
| | ondary standard
!
I ]
dioxane 24x]0° RT 7 [13] | PR comp. with [; form. | Rel 10 kgy.~ with ratio=10.23,
|. bt doubeful since T+ I may
| | be rate limiting
l 1.7x10° RT | 2.0-2.21 [15]| PR comp. with thymine | Rel. 10 kg mpmim=4.7 % 10*
I | with ratio= 037
|
ethylene [ 1.8x10° RT neut. | {21 | PR comp. with OH+ CNS-| Rel wo k. =11% 10"
| | and | Cale. although details pol
| secid | [22] | Fiven
1
p-hydroxynitro- | 1*(3.8x=0.6yx10* RT | 13 | [23] | PR prod. form | Absolute. N0 added,
benzene (p-nitro- Evidence indicales reac.
phenol) | | [ is not addition, but with
| | | nitro. gEraup
bydroquinane | 2.1x 10" - | 67 | [3#)| PR comp. with OR+ CNS"| Rel. 10 ki, = 1.1 % 10
nitrobenzene t*32=04)x 100 RT neut. ‘ [8) | PR prod. form. | Absolute. Ny0 sdded. H-corr,
34X 10° 5 |9 (7] | 5 ierad. with PNDA Rel. 10 ko, svna™1.25% 10
2.2=10" 18-23| 103 | [(10] | 5 wrad, “COy lorm, from | Bel. 10 kon henanae ™ 0.0 X 1P
| | benzoic acid [ with ratic=10.30 ¢ scav,
| | byDy
t* 4.1 05 x 10" RT 1 | [5)} | PR prod. form. l. Absolute. O, 10 scav. e,
nitromethane <9x10° RT | neut, | {24]) | PR comp, with OH+ NS | Rel, 1o k=11 10
| | Upper limit only
nitromethane anion|  $*@.5%1.5)x 10* RT nevt. | {25) | PR prod. form. Absolute. Addin. reac. with
anionic form of molecule
nitrosobenzene 1.9x 1o RT neut. | [26] | PR comp. with OH+ CNS- | Rel. to 82, = 1.1 % 10"
Reac. iz not addit. 1o ring,
i | | | but nitroso group
| |
p-nitroso-¥ N-di- | 1.26x 10" 22—-25| 9 | [27] | S irrad. using PNDA Rel. to kg cymnn = 1.B5 % 10¢
methylaniline bleaching | with ratie=6.8
*1.8x 10 RT 9 (28] | PR of PNDA bleaching i Absolute. N0 added. Authors
| guestion use of PNDA as
ref. reac
25 % 20w RT neut. | {201 | PR prod. form. Absolute. N0} added. No H-
| corr. Low pulse intensity
| | recommended
phenate ion [ 9.1x 100 18-25 10.7 | {10] | 5 wrrad, "“CO: form. from Rel 10 Kopsienpea = 3.0 % 10P
| 1 benzole meid

492-d]1 OL - 73 -4
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with ratin=1.62. e, scav.
| by O,



k(M- ¢-3)

‘TaBLE 2. Addition reactions — Continued

T°C)  pH

Ref. Method |
phenol t*(1.420.3)x 10"  19-23  7.4-7.7 (4] | PR prod. form.
8.6 10° 25 9 {71 | S irad. with PNDA
6.0x 108 18-25 [10] 'S irrad. “CO; form. from
benzoic acid
1.8 1010 RT 6-1 [14] | PR comp. with OH+CNS-
B-phenylacetate (2- ™91 x 100 RT 68 [8] | PR prod. form.
phenylethanoate} 4.4 x10° 25 9 {71 | S irrad. with PNDA
phenylacetate | 5.0x1ov 25 9 [7] | S irrad. with PNDA
phenylhydronylamine = +71.5 % 107 RT |2.7-11.5 | [30] PR pred. form.
2.0 X J(re RT [30] PR comp. with OH+CNS-
pyridine @3.1x06)x1® | RT | neut. | {31] PR comp. with OH+CNS-
*1.8x 17 21 7 [33] PR prod. form.
pyridinium jon (3.4=06) % 107 RT 1 [31] | PR comp. with OH+CNS~
22" dipyridyl %$.2X10° 21 9.3 [33] PR prod. form.
]
44" -dipyridy] *»5.3x10 21 9.3 (33] PR prod. form.
salicylate ion 5.6 %X 10° 18-25 10.7 | [10] | § irrad. 1*CO; form. from
benzoic acid
141.2 X 100 RT 7 | (32] ' PR prod form
| @oxo02yx1* | AT 7 [32]
9.4x01)x10°  22.25 9 [27] | S irrad. with PNDA
terephulalue fvu 3.2x10° 25 9 [7] 3 irrad. with PNDA
toluene *3.0+0.7)x10? 25 3 | 121 PR prod. form.

Comments

Absolut.c._ I;J,O_ad_ded. No coi';.
for H-addit.
Rel. to koyepnpa = 1.25 X 1010

| Rel. to korspenconts =5.6 X 10°

with ratio=1.08, e scav.
by O

Rel. to &30, =1.1X10%

with ratio=1.6

Absolute. N;O added. H-corr.
Rel. to kousenpa=1.25 X 100

Rel to konsmps=1.25 X 1(4°

Absolute. N;O added. No. H
COIT.
Rel to k"'ml'um“ =]1.1x10°

Rel to &5 an = 1.1 X 1000
Absolute. N;O added. No H-
corr.

Rel to &

Lhigeyan,

=].1 %10

Absolute. N3O added No. H-

COIT.

Absolute. N2O added. No H-

COTIT.

Rel to konernenone= 5.6 X 10¢
with ratio=1.0, e;, scav.
by Os

Absolute. NyO added. H-corr.

| PR comp. with OH+CNS- | Rel to &3}, =1.1 X 1(*

Rel 1o kopsmpa=1.25 X 108
Rel w0 kouypups=1.23 = 10"

Absolute. No H-scav. used. .
conc. H-addit
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Chapter V1. Hydrogen Abstraction Reactions

Fully saturated organic compounds and many
unsaturated molecules such as aldehydes and
ketones react with hydroxyl radicals by simple
hydrogen abstraction to form water and a carbon
radical

RH+OH=R-+H:0 {1)

In some cases, however, the possibility exists that
the detailed mechanism of reaction involves, ini-
tially, eleciron ahstraction to form a cationic species
which then rapidly deprotonates
RH+ OH=RH* + 0OH-

RH*=R - +H

(2)
(3}

Since OH is a strong electrophile, rate constants for
hydrogen abstraction are, in general, particularly
sensitive 1o the influence of inductive effects in the
structure. In addition to effects on the averall reac-
tion rate, such effects influence the actual site of
the hydrogen abstraction process, This is well illus-
trated by the data for mono- and polyhydric alcohols
given in table 3 of this chapter.

For the primary straight chain alcohols, the rate
constanis increase progressively from 8 X 108 M-15-t
for methanol to about 5-6 X 10° for alcchols contain-
ing five or more carhon atams This latter value
probably represents a diffusion-controlled limit for
reactions of these compounds. The trend undoubt-
edly illustrates ihe effect of the inductive effect of
the aliphatic carbon chain on the electron density at
the a-carbon atom, although there is evidence that
OH attack becomes multifocal as the chain length
increases (1, 2]. Information from experiments
where OH is generated either hy pulse radiolysis
or by photolysis of hydrogen peroxide indicates that
the proportion of a-carbon attack decreases from
100 percent in methanol to 37 percent in normal
hutanol. However, as might be expected, chain
branching increases the probability of reaction at
this position. In isopropanol, about 95 percent of
OH radicals react at the a-carbon atom compared
with only 66 percent in normal propanol. In the poly-
hydric aleohols, the effect of carbon chain length on
the overall reactivity is less evident.

In the carboxylic acids (tables 4 and 5), the OH
reactivities arc gencrally lower than these for the
alcohols. Further, there is a proneunced effect of
pH on the rate constants, the values for the anions
being usnally greater than those for the unionized
atructures. It would bLe ecapecied that resvnance
stabilization in the ecarboxyl group would tend to
hinder OH attack at this group and if, therefore, the
B, or more distant, carhon atoms were the only
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available reaction sites, it is not surprising that the
rate constants are lower than those for the corre.
sponding alcohols. Formic acid is an exception since
an a-hydrogen is avaijlable in this molecule and is,
therefore, more reactive than acetic acid. Substitu-
tion of an OH group in the a-position has a marked
effect on reactivity due to the effect on the electron
density at this site. Lactic acid is about 20-25 times
more reactive than acetic acid. The effect of halide
substitution at this position is less, althongh it is
still evident,

Data for carboxylic esters (table f) are more lim-
ited, although where multiple determinations are
available. e.g., methyl acetate, the agreement is
good. As might be expected the overall reactivities
of the esters lie between thoze of the aliphatic alco-
hols and acids from which they are derived. Tt can
be seen that trends exist in the data. For a given
ester group, the rate constants increase with chain
length in the acid stem, e.g. butyrate > propionate >
acetate. As has been pointed out (3] ethyl formate is
an exception to the trend, although, in this instance,
the reactivity is increased considerably by the pres-
ence of the e-hydrogen atom. For the various ace-
tates, the rate constants also increase with chain
length, the value for the n-propyl derivative is an
order of magnitude greater than that for methyl
acetate.

Electrophilic attack by OH on the carbonyl group
is most unlikely in these esters. Although it is diffi-
cult to draw definite conclusions as to the site of
attack, the apparent effect on the rate constants of
the chain lengths of both the acid and the ester
stems suggests that both regions of the molecules
are reaclion sites. This aspect has been discussed in
more detail elsewhere [3].

In the ethers {table 7), where the results of sev-
eral determinations are available, the agreement is
generally good. As would be expected, the data for
both diethyl ether and dioxan indicate that the OH
reactivities of ethers are generally unaffected by
variation in pH.

Rate constants for reactions of OH with miscella-
neous carbonyl compounds are given in table 8.
Undersiandably, acetone is the ketone for which
the most data are available. The agreément between
the values obtained by relative meihods using five
different reference solutions is cleaily eacellent,
the overall spread hetween the separate mean values
being less than 10 percent. As is the case with the
alcohols and esters, the increasing influence of the
Inductive effect of the alkyl group is again evident
in the four simple monoketones. However, the value
for acetone seems abnormally low, since the
increase from acetone to methylethyl ketone is



much greater than that obgerved in the correspond-
ing alcohols. This may be due to the greater influ-
ence in acetone of keto-enol tautomerization.

Aldehydes appear to be more reactive, as might
be expected, since, in solutions, these compounds
have some gem-diol character which should increase
the electron availability at the «-carbon atom.,

The effect of miscellaneous substitutents is
indicated in table 9.

Table 10 contains rate data for miscellaneous
nitrogen compounds. Information on amino com-
pounds is scarce. However, there has been a syste-
matic study of aliphatic amides{4], which has shown
that, in general, these compounds are very reactive.
The compound, CH;CO N(CHs)CHCH.N(CH,)CO
CH; has been isolated from irradiated acetamide
solution [4] showing that the principle site of OH
attack on this molecule occurs at an N-methyl group.

TabBLE 3.  Aliphatic alcohols

Reactant k(M= s-1) pH Hef. Method
methanol 7.35 % 108 | 2.0 [3] | PR comp. with CNS-
(16=05)x10* | 2.0 [51| § irrad. comp. with thymine
8.6x 10 6 (6] | S irrad. comp. with Br-
4.7x10° neut. [7] | PR comp. with I-
t8.0x 100 | neunt. I [8] | PR comp. with benzoate |
tB.3x 10 neut. | {81 | PR comp with phenylacetic acid [
8.4 % 104 neut. | [8] | PR comp. with pNO; benzoate
8.02x 108 ! 7.0 [31 | PR comp. with CNS-
tox 102 neut. | {9] | PR comp. with Cu2*
T8.6 x 108 neuL | [10] | PR comp. with ferrv cyanide
1.08 x 10° 9 [i1]  Sirrad comp. with PNDA
( 1.00 x 10* 9 [12] | Sirrad. comp. with PNDA
8.6x 100 6 | [6]| Sirrad. comp. with Br-
i 9.5x 100 10.5 [13] | Sirrad. comp. with benzoate
methanaol-dy 4.2% 100 | 6 ! (61 I Sirrad. comp. with BR-
| |
ethanol 1.64 x 10* | 2 [3] | PR comp. with CNS-
(1.75%0.15) X 10* | 2 [5] | Sirrad. comp. with thymine
| (1.7x0.2)x10° 2 [14] | Sirrad. comp. with thymine
: T2x10" nent. | [71! PR comp. withI-
1.59 x 10¢ 3 [13] Sirrad. comp. with benzoate
(1.55£0.2)x10* | 5 | [14] | 8. irrad. comp. with thymine
1.15 x 10® ; 6.6-10.5 | [15] | Sirrad. comp. with fexrrocyan.
1.8 10° 7 [3]1 | PR comp. with CNS-
1.8x 10® 7 [16] | PR comp. with H,O
$1.73 % 10* | neut. [8) | PR comp. with benzoate
+1.83 x 10* neut. [8] | PR comp. with phenylacetic acid
11 81 x10¢ | ment. . [8] | PR coamp with pN{); henzaste
11.85 x 10° | neut. | [10] | PR comp. with ferrocyan
11.8 x 10° neuL. (9] | PR comp. with Cu?+
(1.82x0.1) x 10° | 9 [11} | Sirrad. comp. with PNDA
154% 108 [ s | [13] | Sivad comp with hansnars
|
ethanol d; 1.14 % 10® 6 [6) | Sirrad. comp. with Br-
B-bromosthancl | 7.7 108 | o | {177 | S irrad. comp. with BNDA
B-chlorvethanol | 9.2 10% |9 | [17) | Sirrad comp. with PNDA
Z-ethuayethanol | 1.68 = 108 ] [ (€] Sined cump. with PNDA
n-propanol | {2.8 0.3} X 10° 2 [14] | § irrad. comp. with thymine |
(2.6 x0.3) x 10° 5 | [14] | § irrad. comp. with thymine
2.45 X U i (3] | PR comp. with CNS—
; 12.7 X 10¢ neut [10] | PR comp. with ferrocyan.
2,72 x 10° 9 [6] | S irrad. comp. with PNDA
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| Rel 1o k";;‘-n“

| Rel to &=

Comments

=1.1x10"
Rel. 10 kg mymine=2. 7 X 109
Rel. t0 konsrcanon=1.85x 10*
Rel. to koyy = 1.02 X 10" (uncertain}
Rel. 10 kop+benmane— 5.6 % 10P
Rel. to kgyepi= 7.9 X 10*
Rel to kop pupa=2.6 % 10°
Rel to ™ =1.1x 10w
‘thiocyan.
Rel. 1o konicut+=3.5 % 108
Rel to kou-terpeyan = 9.3 X 109
Rel tokopyprpa=1.25 X 1010
Rel. to kou+mpa=1.25x 10"
Rel 1o kon, ethans: =1.85 X 10°
Rel to kon+ bencoare =35 .6 X 10%

Rel to kon+ caHaon = 1.85 % 107

Rel 10k™ =1.1x10Q1°
hiocyan

Rel. to koy+ thymine = 4.7 X 10%

Rel. to kop s mymine = 4.7 X 107

Rel. 10 kgy - =1.02 x 101°

Rel 10 kot sensoae = 5.6 X 10

Rel. to kou s thymine = 4.7 X 107

| Rel 16 ko remocyan =9.3 X 10°

Rel tok::-."“ =1.1x 10

| Rel 10 koysmeo, = 4.5 x 107

Rel. to kou pensoars = 5.6 X 10¢
Rel tokoy s phanyt a= 7.9 X 10°
Rel tn ko toma =2 6 X 109
Rel. 10 ko + perrpeyan. =9 3 X 102
Rel. 10 koyscuzs =3.5 X 108
Rel 10 ko pwna =1.25 x 1010

Rel 10 kot remume=5 f ¥ 100
Rel 10 ko camp0u =1.85 X 10°
ReL to kyp .y ymum — 1.85 % 10
Rel to ko . conyon = 1.85 X 10°
Ttel 16 Aoy catyon — 1.05 % 10¢
Rel 0 kopsmymine = 4.7 X 10°

Rel. to kopstymine= 4.7 X 10?
thiocyan — 11 % 1o

Rel 10 kgutterroeyan = 9.3 X 10°

| Rel. to ’ro;H,c:“ng: 1.85x10°



Reactant

_k.(M“ 57))

isopropanol

aD isopropanol

n-butanol

isobutanol

secondary
butanol

t-butanol

n-amyl-alcohol
t-amyl-alcohol

n-pentanol

n-hexanaol
n-heptanol
n-octanol

allyl-alcohol

ethylene glycol

1,2-prepanediol

(1.82 =0.15) % 10°
2.2x 107

{2.0+0.2) x 10°
(2.00.2) x 10°
1.74 x 10°
12.01 x 10°
(2.13=0.1) x 109
2.0x10*
1.84 x 10°

1.4 x 100

{4.0x0.4) x 10°
(4.0x0.4) % 10°
t4.0x 108

3.7 % 10

3.7x 100

(3.3x0.3) x10°
3.3 x10°

35 1P

(2.3=0.25) x 10?
3.1x10°

24 x10°

(6.3=x0.7) %102
15.2x 100
4.2 X 10°
4.7 % 10

4.7x10°
1.8 x 10%

(4.5+0,5) x 10%
(4.8+0.5) % 10*

5.2x 107
(5.4+0.5) X 10°
(5.6+0.7) x 10

1.97x10°

{(1.5+0.15) x 109
1.18% 10°
144 x 1ns
11.47% 108
151 % 10°

(1.6=0.15) x 10®
1.58 x 10°
1.68 X 10°

1.66 x 19?

A= B I = N

2
6
2
5

neut.
neut.
9
9
?

LY =R N R ]

TABLE 3, Aliphatic alcohols — Continued

Method

'S irrad. comp. with thymine

S. irrad. comp, with Br-

§ irrad. comp. with thymine
§ irrad. comp. with thymine
PR comp. with I~

PR comp. with ferrocyan

S jrrad. comp. with PNDA
S irrad. comp. with PNDA
PR comp. with CNS-

§ irrad. comp. with Br-

S irrad, comp. with thymine
§ jrrad. comp. with thymine
PR comp. with ferrocyan.
PR comp. with CNS5~

S irrad. comp. with PNDA

S irrad, comp. with thymine
PR comp. with CNS-

S irrad. comp. with PNDA

S irrad. comp. with thymine
PR comp. with CNS-

S irrad. comp. with PNDA
S irrad. comp. with thymine
PR comp. with ferrocyan.
PR comp. with CNS-

S inad. cuinp. with PNDA
§ irrad. comp. with PNDA
S irrad. comp. with PNDA

§ irrad. comp. with thymine
S irrad. comp. with thymine

S irrad. comp. with thymine
S irrad. comp. with thymine
S irrad. comp. with thymine

PR comp. with CNS~

S irrad. comp. with thymine
S irrad. comp. with Br-
PR comp. with CNS-

PR comp. with ferrocyan.

| § irrad. comp. with PNDA

§ irrad. comp. with thymine

| S irrad. comp. with Br-

PR comp. with CNS-
S irrad. comp. with PNDA
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Comments

Rel. 10 kop themme = 4.7 X 10°
Rel. to kopec,nzon=1.85 X 10¢
Rel. 10 /oy + hymine = 2-7 X 10°
Rel. 10 kopsmymne= 4.7 % 10°
Rel 1o kop+;-=1.02x10°°
Rel. 10 kop+errocyan, = 3.3 X 10
Rel. 10 koy+wepa= 1.25 x 107
Rel. 1o kois eyngou= 1.85 % 10°
Rel. to 4™+ =1.1x10"
thipeyan

Rel. 1o konsc,u on=1.85 % 10°

Rel. 1o kDH+m.Vm!M= 4.7 x 100
Rel. 10 Koms mymine= 4.7 X 10°
Rel. 10 kopsterrocyan. = 9.3 % 10°

Rel. 10 k=" =1.1x»10'°
thiocyan.

Rel o kOH+C2H50H= 1.85 x 10°

Rel 1o kgi+mymine = 4 7 X 107
Rel. to kTet =11x1"
thlocyan.

Rel 10 koﬂ.g.cz“ng: 1.85 x 10®

Rel. 10 kon4wn,= 4.7 X 10°
Rel. to £ 1.1 x 10

thiocyan,
Rel. 10 koy+e ngon=1.85 % 10°

Rel. 10 koy+mymine= 4.7 % 10°
Rel. 10 k 0w+ terrocyan =93x10°
Rel. to &35 =1.1%10"
Rel 1o howscapgon= 1.85 < 10¢

Rel. to konscanon=1.85 X 109
Rel. 16 kon cyu,on = 1.85 X 10°

Rel. 10 kona tymine = 4.7 X 10¢
Rel. 1o koy s thymine = 3.7 X 10°

Rel. 10 &gy tnymune = 4-7 % 10°
Rel. to koysmymine =%4.7 % 108
Rel. te kont mymine = 4.7 X 10°

Rel to kT =1.1x10%

Rel to kou+mymise = 4.7 X 10°
Rel to kOH+C|H.|0H= 1.85% 10°
Rel ta kb =1.1%101

Rel to kou+serrocyan. = 9-3 X 107
Rel. to konicmeon=1 .85 x 100

Rel. to ko“+‘hm|ne= 4.7 100
Rel. 10 kgn-cymon= 1.85 X 10°
Rel to 4™ =11x 10"

thlocyan

Rel to koy+ cqmon=1.85x 10¥



TabLE 3. Aliphatic alcohols—Continued

k(M- a1)

Reactant I pH | Ref. Method I Comments =
1,5-propanediol | 2.9x 19 | 6 [6]‘ ‘I S irrad. comp. with Br- Rel. to koytcumon =1 85X 10*
2.4%100 |9 [6] | S irrad. comp. with PNDA Rel. to kopscymon=1 85 X 10°
diethylene | 2.0x10° K 6] | S irrad. comp. with PNDA | Rel. 10 kou. cunon= 1.85 X 10°
gycel
glycerol (1.64+0.16) x 10° | 2 [ [14] | 5irrad. comp. with thymine I Rel. 16 Koy + hymine =47 X 108
1.59 % j0* | 7 (3] | PR comp. with CNS- Rel. to k::Ly....= 1.1x 10"
t1.9 x 10° neut. [10] | PR comp. with ferrocyan Rel. to &ip s permeyan. = 9.3 X 100
2.04 X 108 9 f11] | § irrad. comp. with PNDA ReL 0 kons mpa= 1.25 X 100
1.85 X 10° 9 [6) | S irrad. comp with PNDA Rel. t0 Koo c ;e = 1.85 X 109
|
13-butane-diol | 2.2 x10® 7 [31 | PR comp. with CNS- Rel o k:;:'m_‘m= Lix1gw
2.3x10° | 9 [6] ‘ S irrad. comp. with PNDA Rel. to kopscgnson=1.85 X 10*
2.3-butane-diol 1.35 Xy | 7 [3] | PR comp. whih CN3- Rel 10 A;;Ll“n =1.1x10"
14-butane-diol | 3.2 10% Iz (3] | PR comp. with CNS-~ | Relwinn | =lix10e
| 30100 0 | [6] | S irrad. comp. with PNDA Rel to ko, cpmpen=1 85 X 100
erythritol 2.0x10° | 9 | [6] @ S irrad. comp. with PNDA Rel to ko com,on = 1.85 X 100
| | .
pentaerythritol 3.2x10° 9 [6] S irrad. comp. with PNDA Rel to ks cpmzon=1.85 % 107
[
ribose | 2.1x10¢ 9 | [19] | Sirrad. comp. with PNDA Rel. 10 kg imna = 1.25 X 10
|
L-glucose | (LY=0ah) = Ju9 | 2 | [14] | 3 irrad. comp. with thymubne | Rl W A s inymine — #-7 % 109
ascotbic acid 1.2 x 10" 1 [8] | PR comp. with CNS- Hel tokt  =11x10%
| | ’
sucrose | 2.4x100 | 2 | [14] | S irred. comp. with thymine Rel. 10 kgy 4 inymine = 4.7 % 107
TaBLE 4. Saturated eliphatic acids— (Monobasic)
Reactant | kM= a-1) pH Ref, | Method Comments
Formic acid 1.36 X 10* | 1.0 | (71| PR comp. with1- Rel to &, ,-=1.02x 10"
| 1.25x 10¢ 1 | [3] | PR comp. with CNS- Rel. to k:;:-u,fn 1.1 x 10
1.53 x 1o° acid [14] | S irrad. comp. with thymine . Rel 10 doy s hymine = 4.7 x 10°
| | (lnterpolated [tum pH curve)
1.2 x 10*% 0.05M [20] | S itrad. comp. with jsopropanol | Rel. tokoypp=2.0% 10"
| H.S0,
| 245x100 neut. | [ | PR comp. with 1- Rel. to kg, ., =1.02x 101
4.2x 187 [21] | Sirrad. comp. with H. 0. Rel tokoy .o, =%.5 % 107
3.1x1e° neut. | [14] | S irrad. comp. with thymine Rel. 10 kop+ taymine = 4.7 X 107
[ (interpolated fron pH curve)
| 2.7x10° 7 [20] | Sirrad. comp. with isopropanol Rel. to koy,p=2.0X% 10°
| 2.3 x 10° | neut. [10] | PR comp. with ferro Rel. to foy 4 terrocyan, =9.3 X 10%
4.0x 19 9 [11] | Sirrad. comp. with PNDA | Rel. to ko, papa™=1.25 X 101°
| 35x W 10.7 | [13) | Sirrad. comp. with benzoate | Rel. 10 kouy perzoae= 5.6 X 10®
13

| 1.2% 102

! [20] | S irrad. comp. with iscpropancl

Rel. 10 kruan=2.0x10°



TapLE 4. Satureted aliphutic acids — (Monobasic)— Continuerl

e T T

Reactant

k(M- s-4)
aceli.c a-cid. b 2_3X 107
“0+0.4) x 100
1.4x107
2.0x 107
t7x10?
t*8.5 % 107
(B.B=0.5) x 107
7.2 X107
. 6.2 x 107
|
bromoacetic 4.4 %107
acid
chloracetic 4.3 x 107
acid (1.0%0.7) x 107
| 5.5x107
fluor-acetic 3.0%107
asid
methoxy-acetic | 6.0 10
acid
|
cyano-acetic 1.54 x 107
acid |
ethylene- 3.5x10°
diamine
Lerracetic
acid |
trimethyl 1.4 x 10
acetic
acid
propionic (4.6:0.5) x 10¢
acid |
| 7.9x10°
a-bromo- 2.2x10%
propionic
acid
pyruvic acid 32x 107
B-bromo | 23x100
propionic
acid
ar-chloro- 2.4 %108
propienic
acid
1
B-chloro- 3.2x100
propionic
acid

1.0
1.0

1.0

|
| neut.

neut.

10.7

B.5

8.5

pH

Ref. | Method

(3] | PR comp. with CNS-

[7] | PR disappearance of OH spectrum

[7] | PR comp. with I~

[14] I S irrad. comp. with thymine

[10] | PR comp. with {errocyan.
[10] | PR pred. form,

: {11] ' S irvad. comp. with PNDA
[ [6]! S irrad. comp. with PNDA
[13] | S irrad. comp. with benzoate

[6] | S irrad. comp. with PNDA

[31| PR comp. with CNS-

[14] | S irrad. comp. with thymine
[63| S irrad. comp. with PNDA

6] | S irrad. comp. with PNDA

[6)| S irrad. comp. with PNDA

|
{6] | S irrad. comp. with PNDA

| [19] Sirrad. comp. with PNDA

|
| [63' S irrad. comp. with PNDA

! [14] | § irrad. comp. with thymine
[6) | S irrad. comp. with PNDA
[17] | §irred. comp. with PNDA
(19]

[17] ; S irrad. comp. with PNDA

S irrad. comp. with PNDA

| [17] | § irrad. comp. with PNDA

(17) | S itrad. comp. with PNDA
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Comments

' Rel 1o k™"
thiory
Absolute
Rel. to kg, ,-=1.02 X 10%°

Rel. to & ais mymine= 4.7 % 10°

Rel. 10 kgt perrocym = 9.3 X 10¢

Absolute measurement N.O
added No corr. for H
reaclion

Rel. 10 koﬂ+p_\'94= 1.25x 10'®
Rel. 10 ks caraons = 1.85 X 10"
Rel. 10 /on+ benzoae = 3.6 X% 10*

_=-1.] X 101
-n

Rel. w0 ku||+c||||p“= 1.85 x 10+

Rel. 10 &™ =1.1% 10"
thipgyan

Rel. 10 ke thymine= 4.7 % 10"
ReL 1o kuy comyon= 1.85 % 100

Rel. 10 koy+ caneon = 1.85 % 10"
Rel. [£1] km+|'|u.0“= 1.85x 10%

Rel. to kon -t JHOR = 1.85 % 10¢

| Rel. 10 kopnpgn,\=1.25 w1k
Rel 16 kop«coson™ 1.85 X 1019

Rel. 10 kog- pymine= 4.7 % 10*
| Rel. 10 kgus ¢ gmion=1.85% 10

Rel. to kDH+C|H|0H =185%10"

| Rel. to kou + pupa = 1.25 X 10"

| Rel. 1o koH+CaloH= 1.85 x 10°

I Rel. to ko conon=1.85 2 10°
f
[

Rel. 0 koys cupon = 1.85 X 10°



TasLE 4. Saturated aliphatic acids— (Morwbasic)— Continued

Reactant

k(M-'s7Y)

pH

n-butyric acid

(1.64 £0.2) X 108

| Ref. | Method

T
Comments

E [14] 'S irrad. comp. with thymine

| Rel. 10 ko +thymine = .7 X 10*

1.85 % 10° | [6] S irrad. comp. with PNDA Rel. 10 kopscanson=1.85 X 10°
iso butyric scid | 1.26 X 10° {6] | S irrad. comp. with PNDA Rel. to komscomson=1.85 X 108
cyclobutane 3.02 x 10° [6] ! S irrad. comp. with PNDA | Rel. 10 kokecan on=1.85 X% 10°
carboxylic | |
acid |
|
a-amino-n- (3.3x03)x10* [14] | 8 irrad. comp. with thymine | Rel. 10 kons mvmine= 4.7 X 107
butyric acid | [ |
B-amino-n- {6.8=+0.7) X 107 | [14] | S irrad. comp. with thymine Rel. 10 oy ¢ mymne = 4.7 2 107
butyric acid ‘
y-2mino-n- (1.9+0.2) x 10° [14] | Sirrad. comp. with thymine Rel. 10 kops oymine= 4.7 X 10°
butyric acid |
2-methyl 2.4 % H)* [6] | Sirrad. comp. with PNDA Rel to kou.camion= 1.85 X 10°
buatyric acid | |
3-methyl 2.2 x 10* (6] | S irrad. comp. with PNDA Rel. 10 konscyn,on=1.85 % 10¢
butyric acid [ [
3,3-dimethyl 1.66 x 109 [6] | S irrad. comp. with PNDA | Rel. 10 koyeconion= 1.8 X 10*
butyric acid |
n-valeric acid 2.9 x 100 [6] | § irrad. comp. with PNDA ! Rel to kowacyn,on=1.85x 10¢
n-caproic acid 3.9 10° i [6] ' S irrad. comp. with PNDA Rel w0 koysconion = 1-85 X 100
cyclo-pentane 4.0X 10* [6] | S irrad. comp. with PNDA | Rel. 10 kouscon,on=1.85 X 10¢
carboxylic |
acid
|
cyclo-hexane 5.4 100 | [6) S irrad. comp. with PNDA Rel. 10 kousconon= 1.85 % 10¥
carboxylic
acid
TABLE 5. Polybasic and hydroxy-carboxylic acids
Reactant k(M- g=1) pH | Ref. | Methad Comments
oxalic acid (8=+3) x 108 2 | [14] | Sirrad. comp. with thymine Rel. to kok+ mymine=4.7 X 10*
1.08 x 107 7 {22] | S irrad. comp. with methanol and Rel. to kop s coton=1.85 % 10*
ethanol
(B4x1.5)x10° 9 [1] | Sirrad. comp. with PNDA Rel. to kop+ s =1.25 X 1010
malonic acid (1.7x0.15) x 107 2 | [14] | Sirrad. comp. with thymine

succinic acid
glutaric acid

adipic acid

492-021 OL - 73 -5

3.0 100
5.5 %107

(1.2%0.1) x 10

| {6.10.5)x 100

(1.5=0.15) x 10*

67| 3] PR comp. with CNS-

9 | [6] | Sirrad. comp. with PNDA

2 [14] ‘ S irrad. comp. with thymine

2 | [14] | Sirrad. comp. with thymine
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2 | [14] i S. irrad. comp. with thymine

Rel. 10 kg s symine=4-7 X 10*
Rel. 10 k:;ﬁ,m =1.1x10t

Rel to kpyimpa=1.25 X 101°
Rel. 1o kot s orgmine = 4.7 X 10¢

Rel. w0 k0H+ﬂirmim= 4.7x10°

Rel. 10 kous wyome = 4.7 X 109




TABLE 5. Polybasic and hydroxy-carboxylic acids— Continued

Reactant k(M-1-1) pH | Ref. Method Comments
pimelic acid (2.6+0.3) x 10* 2 | [14] | S irrad. comp. with thymine Rel 10 koystmymine= 4.7 X 10°
suberic acid (3.5x0.4) x 10° 2 | [14] S irrad. comp. with thymine Rel 10 koprinymine = 4.7 X 10¢
azelaic acid (4.0+0.5)x10* 2  [14] 8 irrad. comp. with thymine Rel 10 opstnymine = 4.7 X 10*
sebacie acid (4.7£0.5) x 100 2 (14) | S irrad. comp. with thymine Rel. 10 kopstnymine =47 X 10°
citric seid 5% 107 1 [3] | PR comp. with CNS- Rel wo kil =1.1x101
(4.7x0.3) x10¢ 2 | [14] | 5 irrad, comp. with thymine Rel 10 koprmymmne™ 4.7 X 107
glycolic acid (::2?(.‘-:'):: 100 9 (6] | S irrad. comp. with PNDA ::LL 10 oy + cyugon = 1.§55X 100
. 10 komscuon = 1.85 x 10°
9 [6] | S irrad. comp. with PNDA
lactic acid 4.3 x1o¢ 1 | ‘(3] PR comp. with CNS- Rel. to 7L _ .. =1.1x 10w
{5.6x0.5) x 10* 2 | [14] | S irrad. comp. with thymine Rel to koy + mymine™ 4.7 X 10
malic seid (47+05) v 100 2 [14) § irred. comp. with thymine Rel w Aogithymine = 4-7 = 107
tartaric acid (5.2x0.5) x 10* 2 | [14] S irrad comp. with thymine Rel 10 ko mymine = 4.7 X 10*
6.8 10 g | [191 5 irred. comp. with PNDA Rel 10 kop+pupa = 1.25 X 10
lel::::i:::x:‘;j , 1L.3x 100 9 | [6] S irrad. comp. with PNDA Rel 10 kous ceuyon=1.85 X 108
thioglycolic acid 6.0 10° 1 {3} PR comp. with CNS- Kel to i} o = 1.1 10
TaBLE 6. Aliphatic cerboxylic esters
Reactant [ k(M-'s"1) | pH | Ref. ' Method : Comments
i — T —
ethyl formate 38x10 6-7 | [3] | PR comp. with CN§- Rel w0 4L . =11x 10"
|
methyl acetate I 13x10 2 | [3]| PR comp. with CNS- | Rel tokfyL =1.1x10"
| Lzx100 6-7 | (3]| PR comp. with CNS- Rel 10 &l =1.1x10"
1.1x 100 9 | [6]| S irrad. comp. with PNDA Rel 10 kouacameon=1.85x 10%
| |
ethyl acetate [{2.4=0.2) x 100 | 2 [[14]! S irrad. comp. with thymine Rel 10 konemymmne™4.7 X 109
| 4.0x10% | 67 | [3]] PR comp. with CNS- | Relwo kit =11x100
isopropy) acetate 43%100 | 2| (3] PR comp. with CNS- Rel. to £3%,_ . =1.1% 10
| 4.5%10* | =7 | [3] PR comp. with CNS- | Rel to &3l = 11X 100
| | |
n-propyl acetate | 1.4x 100 6-7 | [3)| PR comp. with CNS- | Rel wo ke =1.1x10
| i | ihiocyan
methyl propionate 4.5 10 6-7 | [3]| PR comp. with CNS- | Rel 1o kith, o =11 10"
[
ethvl propionate | 8.7x 100 | 6-7 | [31] PR eomp. with ONS- | Rel.to kzh, =11 100
methyl butyrate 17X 100 | 67 | (31| PR comp. with CNS- | Rel 1ok, =1.1% 10
|
sthyl hutyrare | 16100 | 67 | [3]| PR comp. with CNS- | Ral to kgl o0 =11 100
| | | |
diethyl malonate 6.5x 100 | 67 i [3]| PR comp. with CNS- Rel to k™, =11x101
| |
diethy) susceinata 7.8~ 100 | &7 i 3] | PR oomp. with CNS- Rel 10 j"'l'n!inu-an.'_']']' ¥ 1010
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P

TABLE 7. Ethers

| Ref.

Reactant k{M=5-1) pH Method | Comments
| — - = I
diethyl ether 3.9x 100 neut. 171 | P comp. with I~ | Rel. to koy.~=1.02 X 10:¢
1.36 x 1P 9 {6] | S irrad. comp. with PNDA | Rel 1o kouscynzon=1.85%10°
| (24+02)x10° | 2 (14] | S irrad. comp. with thymine Rel 10 kopvamymae=4.7% 10°
2.3% 100 | 0.05M (20] | S irrad. comp. with isopropanol Rel. t0 ko= 2.0 X 10°
HzSOq | |
2.4x 100 f [20] | § irrad. comp. with isepropanol Rel 10 koyerp=2.0%10°
1.74x10° ~13 [20] | S irrad. comp. with isopropanol Rel. 10 koguup=2.0x10°
dioxane 2.35 x 10 ! neut. [7] | PR comp. with I- | Rel. 10 koyo—=1.02x 101°
174 x 100 | 2 | [14] 'S irrad. comp. with thymine | Rel. 10 komstmymine= 4.7 X 10¢
| 1.85% 100 [ 9 | (6] S irrad. comp. with PNDA | Rel te koy+c;uzon=1.85X10°
1,3 S-irioxane 49x%100 |9 . (6] 'S irrad. comp. with PNDA Rel. 10 konscpngon=1.85 % 10°
| 1
tetrahydrofuran |2.? X 109 | 9 | [6] |S irad. comp. with PNDA [ Rel 1o ko + cyngon=1.85% 10°
|
2.3.6-trimethyl 1.00 x 100 9 (6] | S irrad. comp. with PNDA Rel. 10 kon+ cymqon=1.85%10°
-1,3,5-trioxane |
(paraldehyde) [ |
[ |
diethyleneglycol |3.2 x 10¢ 9 | [6] | S irrad comp. with PNDA Rel. to kop 4 opmgon=1.85 % 10°
diethylether | | |
| | | |
diethoxyethane | 2.2x 10¢ 9 I [6] S irrad. comp. with PNDA Rel. 10 aon- couyon=1.85% 10°
| |
ethyleneglycol 1.3x 100 9 [6] | S irrad. comp. with PNDA Rel. 10 ko cougon=1.83%10°
monomethyl- |
ciher | |
dimethoxy- |1.56x 100 9 6] { S irrad. comp. with PNDA I Rel. 10 koy. cangon=1.85%10°
ethane | |
| = _ —
TaBLE B. Carbenyl compounds
Reactant ll kiM-s—) | pH | Ref. Method Comments
o ! 1 =] = _
formaldehyde I ~2x10# | [23] [PR comp. with HaO. | Rel 10 Kons o, =33 X 107
acetone 6.6 %107 |2 .ll“ S irrad. comp. with thymine Rel. 10 kowsmymine = 4.7 % 107
[ 7.7 %107 | neat. | [7] |PR comp. with iodide | Rel to koper-=1.02 X 10"
[9.7x10° 7 [3] |PR comp. with CNS- | Rel o k2, =1.1x10®
| 7.3 x107 9 [6] |35 irrad. comp. with PNDA Rel to kgycuon=1.85 % 10*
|12 % 1407 [10] |PR comp. with ferrocvan | Rel to koutamerven = 9.3 % 10°
-~ Tx107 9 [19] |8 irrad. comp. with PNDA Rel. to kopipnna = 1.25 X 1000
9 4) x 107 10.7 [13] | 8 irrad. comp. with benzoate Rel. 10 koyspensonte = 5.6 X 109
[
acetoin 8.5 108 2 ‘ [3] | PR comp. with CNS- Rel. 10 k“'u'mm =1,1x 10"
L5x10° neut. {24] | PR comp. with CNS- Rel w0 &, =11x10°
diacetyl 17x 100 neut.  [24] | PR comp. with CNS- | Relw il  =11x]o®
butyraldehyde |3.5 x 109 2 [3] | PR comp. with CNS- | Rel. to it =1.1x10¢
|
methylethyl ketone 19x 0% | 6-7 [3] | PR comp. with CNS- Rel. 10 ic;"‘".n =1.1x 109
1
diethylketone .35 x 100 | 6-7 2] | PR comp. with CN§- | Rel. 10 ]‘"n::l;:nn =1.1x10w
methyl n-propyl ketone | 1.9 109 6-7 131 | PR comp. with CNS- | Relio it =11x10
i T '

29



TaBLE 9. Substitited hydrocarbons

Reactam k(M-ts71) | pH | Ref Method Comments
e o | i =
methane 24x10° 9 [6] IS irrad. comp. with PNDA Rel. 10 ko congon=1.85 %107
ethane 1.2 x 109 1.2 | [25] | S irrad. comp. with formic acid Rel. 10 kouyncoon=1.2 X 10"
chloroform | 1.4x10° 9 (6] IS irrad. comp. with PNDA Rel. 10 kon 4 cynzon= 185> 10°
cyanomeihane 3.5 % 10° | g | 6] IS Irrad. comp. with PNDA Rel. 10 koy v cyzon = 1.83 % 10°
{ [
diethoxyethane | 1.55 x 109 9 [6] 'S irrad. comp. w th PNDA Rel. 10 konscayon=1.85%10°
1
dimethoxyethane 5.7% 108 9 | [6] | S irrad. comp. with PNDA Rel 10 koy+ cyugon=1.85 x 10¥
nitromethane 3.1x 108 |9 [6] | S irrad. comp. with PNDA Rel 1o ko cyngon=1.85x10°
t*(8.5+1.5) = 10° | 10.5 | {26} /PR pred. form. Absolute N;O added. no correct.
| | | for H addit
| | SRR EoE
TaBLE 10. Nitrogen compounds
—_— | —— P — S ———— —_—
Reactant k(M-s-t} | pH Ref. Method Comments
methylamine 1.9%10° 5 | 1691 | S irrad. comp. with PNDA | Rel. 10 kopscaneon=1.85 % 10°
1.8x108 | peut. | [27] PR comp. with CNS- | Rel 1o &5 onp =1.1x 10
2.4 x10° 12 [6] | § irrad, comp. with PNDA Rel 10 Koy curpon = 1.85 X 10°
1.15x 10:® 12 27 |PR comp. with CNS- | Rel wo kg o =1.1x10%
ethylenediamine 1.0% 10 | S | [28] |S irrad. comp. with isopropanal | Rel to kos 4 isopropanor = 2.0 % 107
|
formamide « 5w 108 | 5.5 I [29] | PR oomp. with CNS- | Rel. 10 "!rl!::&cym_ 1.1~ 1010
acelamide 1.9x 1¢° 5.5 | [29] | PR comp. with CNS- | Relto kg, =1.1x100
1.3x 307 9 i [6] |5 irrad. comp. with PNDA | Rek. 10 kop 4+ cyugon=1.85 % 10°
I |
|
acrylamide (3.3x0.8) x10* | neut | 301 | PR comp. with CNS. | Rel. 10 k::;t,m= 1.1x 10
(3.3+0.2) x10°* | 10.7 [13] | 5 irrad. comp. with
! | benzoate Rel to koy + penzoste = 5.6 X 10°
| |
acetonitrile 35x10¢ | 9 [6] | Sirrad. comp. with PNDA Rel. 10 konscaon = 1.85 X 10¢
|
N-methylformamide | 1.2% 10° 55 (291 PR comp. with CNS- Rel to k2%, . =1.1x 10w
| |
N-dimethylacetamide | 1.7x10° | 5.3 [29] |PR comp. with CNS- Rel to &y =1l1x10®
|
N-methylacetamide | 1.6X10° 5.5 [29] 'PR comp. with CNS- | ReLwo ik =11x10
| L
N-dimethylaceramide | 3.5%10° 5.5 {291 | PR comp. with CNS- Rel to A5, =1.1 X100
|
| | |
dimethvlacetamide 1.6 X 10° | 5-6 | 141 PR comp. with CNS- Rel. 1o &3 . =11X100
trimethylaceramide | 1.4x 10* 5-6 | {41 PR comp. with CNS- Rel to kg, .. =1.1%x10®
|
N-methyldimethyl 1.9x10* i 56 [4] | PR comp. with CNS- | Rel 10 Il',;ll,'"m =1.]x 10
acetamide
[
N-methyltrimethyl 2.4%10° | 5-6 I [4} | PR comp. with CNS- I Rel to &7t =1.1x10%
Aratamide | |
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TaBLE 10, Nitrogen compounds— Continued

Reactant | k{M-s7) | pH | Ref. . Method "_; Comments
N-dimethyl trimethyl | 4.0 10% 56 | 18 | PRcomp with CNS- | - Relto &l =11x10°
acelamide 1 | | | | hiecrar
N.tert. butylacelamide | 1.1 % 1{P | 5-6 | (4] I PR comp. with CNS- I Rel o &), ., = 1.1x10%
propionamide ‘ 7.0 x 10# | 56 4] | PR comp. with CNS- | Rel to kT =1.1x10%
N-methyl propionamide : 1.4x10° | 5-6 . 4] | PR comp. with CNS- | Rel. to &7 .. = 1.1 x10%
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Chapter VII. Inorganic Electron Transfer Reactions

This chapter lists rate constants for reactions
of OH with neutral and charged inorganic com.
pounds. With few exceptions, reactions of this type
involve simple electron transfer of OH to form the
hydroxide ion with a corresponding change in the
valency state of the donor.

M= +OH =M+ M- 4 QH- (1)
or

M"-+ OH=M"-9- + OH- (2)

The data in table 11 are listed according to the peri-
odic classification of the elements,

Ahthough H, is listed here, the isotope effect
cvident in the significant difference hetween the
OH reactivities of hydrogen and deuterium indicates
that the reactions probably involve direct hvdrosen
transfer

rather than the formation of an intermediate Ht ion:

H:+OH=H; + OH- {4)
However, for convenience, the data for H; and Iy
are given in this chapter and not in Chapter VI,

For the group 1 metal cations, Ag* (1] and Au*
[?7]. and pracnmably, Cut react with OH ta farm
higher valency states. Surprigingly, the oxidation
of cupric ion 1o a form of Cu 111 also proceeds at a
rate which is only an order of magnitude lower than
that for a diffusion-controlled reaction [3].

Interest in the reaction of OH with the powerful
reducing agent, borohydride ion, centered on its
possible value as a means of converting OH into
the highly reducing hydrogen atom [4].

BH: + OH=BH,+0H- (5)

BH, = BH, + H- 6)
Preliminary studies indicated, however, that the
3H+ intermediate 15 sufficiently stable to dissocia-
ton Lo permit it to react with other salutes,

There are some data for reaction of OH with

cations and complex anions of metals of the transi-
tion series. With the exception of ferrous jon and
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thallous ion, data are sparse for the transition com-
plex cations. For the three complexes listed, there 15
no change in the coordination number following OH
oxidation, although this is not the case for a complex
of Pt 1, [Pt CL]=. The one-electron oxidation state
of this anion, a complex of Pt 11, is unstable and
the reaction proceeds to the ultimate formation of a
6-coordination complex of Pt 1v. The initial reaction
is not electron transfer and involves addition of OH
to form an intermediate platinum complex of co.
ordination number five [5].

There are adequate data for the reaction of OH
with carbonate ion. Agreement ic good, although
there is a pH effect on the rate constant due to the
carbonate-bicarbonate  ionic  equilibrium. The
CO;7 radical ion formed in the reaction ZiVes rise
to a otrong trancicnt absorption spectrum with a
maximum at 600 nm. For this and other reasons, the
reaction has been used as a reference system in
pulse radiolysis competition experiments for the
measurement of a large number of OH rate con-
stants. We recommend that a value of 4.1 * 10* he
used for the reference rate constant in such
determinations.

As would be expected, the reactivity of the reduc-
ing oxy-anions of the three-valent Group 5 and the
four-valent Group 6 elements a proach diffusion-
limited values. Where multiple determinations are
available, the agreement is generally gquite good.

There is a considerable amount of data available
on the reactivity of the halide jons of Group 7
reactivities for the pseudo-halide, thiocyanate ion,
CNS , are also included In this section. For both
Cl- and Br- there is a strong effect of acid pH on
the reactivity and for chloride, the effect is particu-
larly marked due to the complex nature of the overall
oxidation process [6]. There are numerous de-
terminations of the reactivity of bromide ion with,
aﬁpa_renﬂ}', good agreement at both acid and neutral
p

s

Oxidation of a halide ion, X-, proceeds in two
stages:

OH~+X-=X-+0H-,
X'TX‘:‘—"X{.

(7
()

In competition experiments designed to measure the
OH-reactivity of a second solute, the possihility
exists, therefore, of competitive reaction of the
intermediate species, X+, with both solutes. If this
occurs, relative rate data determined by such
methods could he misleading. Rale constants



measured in pulse radielysis experiments by direct
ohservation of the rate of formation of the complex
radical X; depend for their validity on the assump-
tion that, in the oyerall process, reaction (7) is
rate-determining. Experiments have been carried
out [7] which show that this assumption is not
valid. Kinetic analysis of the reaction sequence in

—_——

the thiocyanate system indicated that the rate
constant of reaction (7) is greater than that of re-
action (8). In view of the frequency with which
the CNS- system has been used as a reference sys-
tem in kinetic competition studies, the validity of
the rate data so determined is discussed in detail
in the final chapter.

TaBLE 11. [norganic electron transfer reactions

Reactant K M-1a-") pH Hef. Method Comments
H. "(6.0+2) x 107 | new. [81 | PR removal of OH Absolute
spectrum [
4.2x107 | 7 [®] | S irred. comp. with Rel. 10 kopino,=4.5 X 107
| H,0:
4.5x10° ;T [10, 27] | Intermitient jrradiation | Rel. to kguinm=4.5% 10
| I
Dy 1.5 x 107 01N | 1) | Comp. with Fes~ | Rel o kg, 2+ =3 2107
HCIO, (Fenton)
| i ' .
Cut+ "35x%10° 7 31 | PR product form. | Absolute, NyO added
An¥ | *(4.7x0.8) x 10° | 7 | {2] | PR product form. | Absolute
| |
BH; *l.2x 10 11 4] | PR product form. | Absolute
¢ <4x]10 | 128 {41 PR product form. | Absolute (O~ rate constant)
Vanadium IV (5.0x1.5)x10° .1 [12] | S irrad. comp. with H; | Rel 10 koyspy= 4.5 % 107
VO++
Cp- (3.2+1)x10° | (13] | S irrad. comp. with H: Rel. to kousp,=4.5 % 109
Mn?? | *> ]l 4x]100 neut. {14] | PR product form. Absolute. N,O added
Fe2+ [ (1 0.1 {15] | PR product {orm. | Absolute
3.0x100 1 [16] | S irrad. Rel. to kousne=4.5% 107
32x100 1.6 7 | S jrrad. comp. with H; Rel. to kowsu,=4.5 %107
| 5.0x 10 2 | [18} | Fenteon reaction, OH Rel. 10 kopampa =125 X 1000
| |  comp. with PNDA |
2.6 x10° 2.1 {17] | § irrad. comp. with Hy I Rel to koqsp, = 4.5 X 107
|
[Fa{CNALNOR- 19%107 nent | [19] |PR comp with bicar. | Rel. ta kon + neog = 5:5 ¥ 107
| [ | bonate !
[Fe(CN)]*- 1.7 x 100 neut. [ [20] |PR comp. with1- Rel. to kgye-=1.02 X 10'¢
$%(1.10.2) x 101° nout. [21] | PR produot form. . Absolute. N;O addcd
B.7x 108 ? (22) | PR comp. with ethanol | Rel. to konscoson=1.85% 10°
| 149 8 % 10° neut. [23] |PR product form | Absolute N2O added
(1.2520.2) X 10 9 [24] |S irrad. comp. with Rel. to koyerpas = 1.25 X 1040
| PNDA
[ |
[Ru{NHyuN;P* ; 4 8% 10° neut. [25) |Product form. Absolute. NsO added
Cc™ | 7.2<107 0.1 [ [20, 27] i'_-'- Jrrad. vomp. with | Rel w KoH+Hatn — 4.3 < 107
formic acid
|
TI* 2.7x10° 0.1 | [27, 28] |S irrad. comp. with | Rel. to konsue, = 4.5 %107
| Ce*™ jon
{0.9+0.3) x 10 01 {12] 'S irrad, comp. with H, | Rel to koysu,=4.5 % 107
t*(7.6x1) X 10* 6.5 [29] |PR product form. | Absolute. N;O added
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Reactant

[P1CLP-

[PUCNKE-
Coy

HCOy

co

C(NO:z)y

Sn*t

NO:

N0y

azide

hypophos phite
phosphite

HPO-

PO}
P,O;‘

arsenite {AsQy )

Inorganic electron transfer reactions —Continued
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——
Comments

.P-R-pro;l_uct farm.

PR product form.

| Absolute. NyO 2dded

| Ahsalute. NiO added
1
|

PR comp. with methanol| Rel 1o kouvcnon=8.5%10°

PR product form.
$ irrad. comp. with
benzoate

PR comp. with methansl

and ethanol
PR product form.

PR prod. form.
'R prod. form.

PR comp. with H:0,

S irrad. comp. with
PNDA

PR bleaching of solute

S irrad. comp. with Fe?*

S irrad. comp. with H;

PR of NOs solutions

S irrad. comp. with
PNDA

PR comp. with PNDA

FR comp. with COy
PR comp. with CO3

| 8 irrad. comp. with

aleohols

S irrad. comp. with
PNDA

PR comp. with CO5

! PR comp. with CO3

PR comp. with iedide

| PR comp. with CO3

TABLE 1.
T G U Y
k(M-51) rH Ref.
*§ % 109 7 [30]
® % 18 >13 [an]
|
1.0% 107 | 2 | 1ol
1%5.2x 108 108 | @1
4.5% 100 105 ! ;32) |
3.8x 108 ! 07 @3
193.65 X 104 Y 34]
*1.0% 107 6.5 | [35)
1.6 107 8.4 | BN
| !
4.5x 100 neut. | [36]
(4.5+0.3) x10° 9 [24)
*3Ix10? neut. [37] |
| |
(2.5+0.3) X 10° [ o1 {38}
1
5x10* I neut, [39)
1
1.3x 100 ' [40] |
| |
7.1x100 . 413 |
81x04)x10* | 9 | [24] |
7.4 % 10* i ez | (as)
8.1x100 | u (a2] |
(B.8£1.1) X 10° 7 [43] |
(1.08+0.05) x 10r° 9 [ [24]
|
| |
19X 109 10,7 [33] |
1
3.9x10% [ 107 [33] |
< 107 | nem. f20)
|
|
<5x10¢ : [84)
<101 [44]
<4x100 | (441 |
|
(7.60.3) X 10° 9.0 [24)
9.5 X 10° [ w7 | (23]

PR comp. with CO3
PR comp. with CO3
S irrad. eomp. with

PNDA
PR comp. with CO7

. Absolute. N;G added
| Rel to km+m=5.bx 10#

| Rel to kou+c,m= 1.85 % 10°
; Absolute. N;O added

| Absolute. COy added
Absolute. N:O added

i Rel. 10 kansyuon= 4.5 X 107

|
| Rek 10 koypvpa=1.25% 101
|
| Absolute. NyO added
Rel to k10 =3.5% 10

| Rel 10 kov . g, = 4.5 % 107

Computer analysin of
| reactions
| Rel 10 koysmpa=1.25 % 104

| Rel. 10 kousmpa=1.25 X 10°¢
| Rel to koyscop=4.1x10°
[ Rel. to koy. coy =4.1 X 10°

Rel. 10 kons cunon=1.85 x 109

| Rel. to kous mpsa=1.25 X 10

Rel. to koy+cop =41 %10°
| Rel o koyecop=4.1 %10

i Reb wk =1.02% 100

QH+1"
|

| Rel 10 konecor=4.1x10°

| Rel to kumspor ~4.1% 100
Rel. 10 kopy cop =4.1% 308
Rel 10 kops pppa = 1.25 X 100°

Rel 10 koys cop =4.1 % 108



TABLE 11. Inorganic electron transfer reactions —Continued

Reactant

Ha

H.8

H.S0

KHSO,
HSO¢

5,05

selenite Se03

tellurite TeQ3

Cl-

ClO,

Br-

k{M-1571) pH Ref. l Method Comments
12x107 3 {45] | Prod. analysis. High dose | éomp. with radical-radical reac-
[ rate radiolysis | tions in HyO/OafH; 04
45x107 neut. [27] | Prod. analysis. High dose | Comp. with radical-radical reac-
| rate radiolysis tions in 2 0/0:/H: 0
2.25 % 10 newt. |  [20]| PR comp. with I- | Rel t0 &y, =1.02)q10"
1.83 x 1000 6 | [46] | PR comp. with CNS- Rel tokr =~ =11X 10
A5x10° 0.1 [27,28] | Sirrad. comp. with Ce?* | Rel. to koy 4 pyo, =4.5% 107
(&5+0.5) x 10% <04 [12] | S irrad. comp. with H: Rel tu kypen,=4.5%107
(L2=0.3) X108 03-20 | (47 | Sirrad. comp. with | Rel. 10 koo o = 7.9X10°
Safranine T
1.5 % 10¢ ! neut. [ {48} | PR comp. with methanul ' Rel konecny,m=8.5x10°
|
3.9%x10° [49] | PR comp. with CO3 | Rel to kunpacor =41 X 10°
|
|
< 10¢ | [49] | PR comp. with CO; Rel 1o kypa con =41 X10°
| |
2.6%10° L 7 : [33] | PR comp. with methanal | Rel 10 kone conon=1.85 X 10*
1.9%10° 10.7 l [33] | PR comp. with COj; | Rel to koyecor =4.1 X108
age orignal paper |  acid ! (6] | PR product form. and Rate constant depend. on pH, ClI-
| and | | comp. with methanu] concentration and overall jonic
| alkal. | and ferrocyanide strength
*{1.5+0.3) X 104 | 0.8-3.4 [50] PR prod. form Absolute. Obs. Cly
104 9 | [24] | Sirrad comp. with Rel. 1o koo i = 1.25 % 1010

1.1 %100
1.02 x 101¢

*5.0 x 10*
(1.0x0.15) x 101

3.9 x10°

7.2 %300
(5.0 0.7) X 1¢¥
(2.2+0.3) x10°
1.17 % 10°

1.1 x10*

"1.0x10¥
1.14 x 10

*(1.2+0.15) X 10¥
1.08 x10°

(2. x0.06) X 10*

| PNDA

5.8-6.0 ‘ [51] | Sirrad. comp. with Br-

1.3 (52] | Sirrad. comp. with
ethanol
2 [53] | PR prod. form
2 | [47] | S irrad. cump. with
| Safranine T
00N [54] | S irrad. comp. with
HySO, | isupropanol
2.7 [52] | Sirrad. comp. with
' ethanol
3 147] | Sirrad. comp. with
| Safranine T
5.5 [47] | Sirrad. comp. with
| Safranine T
6 [ [55] | Sirrad. comp. with
ethanal
6 [52] | $irrad. comp. with
ethanol
7 (531 | PR prod. farm.
7-10.5 [32] | Sirrad. comp. with
| benzuale
7 | [56] PR prod. {form.
8 [55) | Sirrad. comp. with
|  PNDA
9 [24] | Sirrad. comp. with
PNDA

35

Rel takopepe—=1.1% 1Q*
| Rel. to ki cqnyon = 1.85 X 10%

| Absolute. Obs. Bry
| Rel. trkeyyacon.= 7.8 X 10*

| Rel. tokgy. p=2.0 X 10°
Rel. to kg conpon = 1.85 X 10°
| HeL 10 kg4 cans = {8 X 107
l Rel. 10 koo cate= 7.8 X 109
| Rel takoms couyon=1.85X10°
Rel. 10 ko cqugom = 1.85 X 109

| Absulute. Obs. Bry
Rel. 1o k14 pengone = 5.6 X 10°

| Absulute. Obs. Bry

[ Rel. 1o ks ¢ o =1.85 X 10°
|

| Rel. tr ks =1.25 X 10'¢




Ny

TABLE 11. Inorganic electron transfer reactions — Continued

Reactant £(M-1577) | pH Ref. Method | Comments
hypobromite 4.4%10° { 1 | [57)| PR comp. with carhonate  Rel to kon cor =4.1x10°
BrO-
1.9x10° 13 [57] ' PR comp. with carbonate | Rel 10 kyyscoy =4.1x10*
I- | 1.38 x 101 | 005N [54] | Sirrad. comp. with Rel tokopspe=2.0% 10
HySO, isopropanol
(1.13+0.16) x 101¢ 2 [ [47] | Sitrad. comp. with Rel. tokon+cane= 7.8 107
i Safranine T
*3.4x 100 | 2-7 | £7] | PR prod. form. Absolute, Analysis of I+1-=1
i | equilibrium
(7.5=1.1) X 10° 3-5.5 [47} | Sirrad. comp. with Rel. to kon«cane=7.8 % 10°
Safranine T
1.6 x 10 | 17 {54]  Sirrad. comp. with Rel tokoyep=2.0% 107
| isopropanol |
“{1.02+0.13) 10% | neut. [20] | PR produot form. Absolute N:O added
1.2 x 10%¢ g9 [42] | S irrad. comp. with Rel 10 kou+pupa=1.25 X 101°
| PNDA
(1.09 =0.06) x 100* 9 [24] S irrad. comp. with Rel. to kon s mma=1.25 X ]0'°
PNDA
1.37 x 1020 10.5 [32] S irrad. comp. with Rel. 10 Aoy vengoate = 5.6 X 107
henzoate I
7.3x10° | 11 [42] | PR comp. with COj | Rel 1o kogscor=4.1x10°
EX P I 1oM [31] 3 rrad comp. with Rel w kg p—2.0x10*
| NaOH isopropanol i
thiocyanate 8.6 x 10° 2 [58] S irrad. comp. with | Rel 10 koH+ thymipe = 4.7 X 107
! thymine [
1.13 x 100 2 | [33] | PR comp. with C;H;OH | Rel. 1o koyscpoou=1.85 % 10°
*(7.5+0.5) x ]0° 2-10 | [59] | PR prod. form. | Absolute N:O added
*2.8x 100 2-9 [7] PR prod. form. | Absolute. Analysis of
CN5 + CNS == CINS§
| equilibrium.
9.2x10° | s [60] | S irrad. comp. with Rel. 10 kou+ thymue= 4.7 X 109
| | thymine
1.13 x 1000 i 7 133] | PR comp. with C;H3OB | Rel to kon ¢ uuom= 1.85 % 10°
*6.6 % 10° 7 [35) | PR form. of (CNS)¢ | Absolute N.O added
| 1.19 x 10 | 9 [18] | S irrad. comp. with Rel. to kop,pwpa=1.25 X 100
- | PNDA |
*1.08+0.1) x 10'* neut. {611 | PR prod. form. Absolute. N2O added.
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Chapter VIII. Radical Reactions

Rate constants for the reaction of the hydroxy!
radical with another hydroxyl, or with other free
radicals {notably those formed in the radiolysis of
water) have proved to be among the most difficult
of the hydroxyl rate constants to determine ac-
curately. Nevertheless, values have been obtained,
in one case by several methods, for the {ollowing
radical-radical reactions of OH as well as for three
analogous reactions of the deuteroxy radical, OD,
the latter in deuterium oxide, rather than in water.

OH4+ OH=H.0), (M
OH+ O-=HO; (2)
OH+H=H;0 (3)
OH+ ez,=OH- (4)
OH+ HO;=H;0+ 0, (5)
OH+ O; =OH-+ 0, (6)
OH+ H:0%f =H,0++ 0, (N
0D+ OD=D,0, (8)

OD+ D=D,0 (9
0D+ e5,0=0D- (10)

k, has been determined, as pointed out in chapter
III, by a method analogous to the rotaling sector
technique. k; and k5 have been determined by pulse
radiolysis ohservation of the hydroxyl radical
directly. The molar extinction coefficient must be
known for this calculation, and it should be noted
that there is a weak overlapping absorption of H-
atoms Several of these rate constants have been
determined by computer fitting of over-all product
yields in pulzed and steady irradiations, relative 10
the rate constant for hydrogen atom recombination.
These values, dependent as they are upon a fit to
many parameters, must be regarded as approximate.
An accurate value for ky has been determined by
pulse radiolysis, in competition with the ferro-
eyanide jon oxidatdon by OH. For the teactions of
OD, there is some uncertainty, since the pK for OD
is not precisely known, concerning the extent of
involvement of O~ in the reactions. The values, as
well as a brief indication of the method used along
with other pertinent factors, are given in table 12.

TaBiE 12. Radical reactions

I T T AT T
Reaction k(M-'s1) | 'f'[“L':l| pH Ref | Method Comments
! i = | —
OH+ QH=H,0, +{4.0£1.0) X 10* | RT | new. [1] | P rol. sector Relative 10 kg n,=4.5 X 107
Mechanism dependent
t(5.5*0.8)x10* | 23  acidand | [2] | PR Relative to ko srerrocyan="0.93 X 101°
neur.
| *(5.3=0.5) x10° | RT | neut [3} I PR direct obs. of OH | Dependent on €gu. Absolute. Corr.
| | | made for H+ OH.
| "(5:3205)x10* | RT |3 | (4] | PR direct obs. of OH | Dependent on €gy. Absolute.
6 x 100 | RT | acid [6] | Prod. yields in P and S | Comput. fit to over-all mechanism
| | ! | irrad. | withky,y=6X108
7x100 i RT | acid | [8] | Prod. yields in P and 5 | Comput. fit 10 over-all mechanism
irrad. | withky, =6 10°
OH+ O0-=HGy =2.0x )0 | 23 | basic I [2} | PR Relative 10 kopi+terrocyan="0.93 X 101?
OH+ H=H.0 | 7x100 | RT (3 | [4] | PR direct obs. of OH | No corr. for overlapping abs. of H
[ 1.2x10m RT | acid | [6) i Prod. yields in P and § | Compul. fit 1o over-all mechanism
| | irrad. | with ky, g =6 X 10#
| 3x 1o RT | ecid [8] | Prod. yieldsin Pand § | Compur. fit 1o vver-all mechanism
irrad. with ky, y =6 x10*
OH+ ey, + OH- | *(3.0+1.0 x101 23 | basic l [5] | PRabs. of e, Mechanism dependent. Absolute.
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TasLE 12. Radical reoctions— Continued

Reaction

k{M-tst) T°C)| pH | Ref Method Comments
OH+HO=H;0% 0, | 610" | RT | acid [6) | Prod. yields in P andS | Comput. it to over-all mechanism
; ' | irrad. with k=6 X 10
7.1%10¢ | B edd | [7) | Prod. yields in Pirrad. | Comput fit of G(H:Oy) with
kon+op=96%10°
L4 L0 RT | acid [8] Prod.yleldnnPl.ndS|Compm.ﬁttoom-nllme¢milm
I irrad. with ky =6 X 10°
| | |
OH+0;=0H-+0 1.01 % 101 | 25 >274 | [7] Prod yvieldinPirrad | Comput fit of G{He(s) with
| kon+om™6%10°
OH+H; 0y =HsO++ 0y | 1.273¢ 108 | 25 | <151 | [7] | Prod. vield in P irrad. |CompuL £t of G(Hy Oy) with
| [ kom .« on=6Xx10°
OD+ OD=140 | 4.00%100 | 23 |besic | [9) PRobaofeg Concurrent with OD-+ 5,
| [ | [ |  Uncertainty about O~
|
OD+D=0L0 2,00 % 108 P | basic 191 | PH obs. of e, Concurrent with U+ e,
| ! Unperiainty ahout O-
OD+ epn= 0D~ 280 x 101 | 23 ‘ basic | (k4] | PRabs. of e, Uncertsinty about amount of 0~
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Chapter IX. Reactions of the Oxide Radical Jon

The chemical reactivity of the basic form of the
hydroxyl radical, O-, differs markedly from that of
OH in many reactions. Since the pK is 11.9 for the
equilibrium

OH+OH-=0-+H;0, (1

all chemical reactions of the oxide radical ion have
been studied in strongly basic solution. The differ-
enne in reactivity of (0-, compared with OH, may
be seen in the following reactions. Whereas the
hydroxyl radical is unreactive toward oxygen, the
oxide radical ion adds readily to form the nzonide
106

0-+0,=0;. (2)

While the hydroxyl radical adds readily to aromatic
molecules, the reactivity of O- toward aromatic
compounds is lower by at least three orders of
magnitude in the specific rate constant, The OH
radical is much more effective than is the oxide
radical ion in oxidizing a number of inorganic
anions., Coulombic repulsion of O-, which un-
doubtedly accounts for part of this difference. is
nol great enough to account for all of it. and the
larger part of the effect mayv be the result of a lower
electron affinity of O- compared with that of OH.
Hydrogen abstraction reactions of O—, on the other
hand, exhibit a specific reactivity only slightly lower
than that of OH:

O +C:HsOH—OH + C.II,0H (3)

Rate constants for reactions of O~ have been de-
termined in a few cases by direct observation of a
transient product in pulse radiolysis. Thus the
ozonide ion, formed in reaction (2), has a strong
optical absorption with a maximum (1, 6] at 430
nm, which has been used [3] to determine k, abso-
lutely. Similarly, k4 has been determined absolutely
[7] by observing the formation of the a-ethanol
radical, of which the ionic form [8, 9] present at
high pH has a conveniently observable optical
absorption in the uv.

In other cases, rate constants have heen de-
termined in flash photolysis and in pulse radiolysis
by competition kinetic studies [3, 6, 10, 14] using
reaction (3), or some other process as the reference
reaction. Where the desired result is obtained by
menitoring O, the interpretation of the data is

usually quite complex, involving as it does not only
the equilibrium constant for the pH-dependent
equilibrium (1), and the forward and reverse rate
constants for the thermal equilibrium (2), as well
as the rate constant for the reaction of interest, but
also the rate constant for the analogous competing
reaction of OH. Notwithstanding the complexity,
competition kinetics with ozonide f{ormation is a
feasible method, since the formation rate congtant,
kg, 15 reasonably aceurately known and the decom-
position constant, ks, has been determined [10] as
33 X1P¥s-1a125°C.

Table 13 lists the rate constants for reactions of
O-, among which are to be found examples of addi-
tion, hydrogen abstraction, and reaction with other
radicals and radical ions, notably those formed in
the tadiolysis of watel.

TaBLE 13.  Reactions of the oxide radical ton

Reactinn kM-1ey | T(PQ) pH Ref Method | Comments

0 +0:,=05 TR2.5x 108 | RT 13| {3) | PR prod. form. Absolute. Observ. O5

| Single concen. of O;
*2.5% 100 | RT 13-13.7 ' [6] | Fiash. phot. prod. Absolute. Observ. O3 in
| form. H: 02 phot. No data given
T=(3.6+0.4) x 10° 20-25 11&13 [11) PR prod. form. Absolute. Observ. of Q; form.

i 4 x10¢ 23 1.9 [17] | PR prod. form Absolute. Approximate

-+ C HsCOO0- < 6x10° |25 13 {4] | PR comp. with O5

Rel 1o k- 4o, =2.5% 100
form Complex kinetics, May be
very much lower.



TAWlE 13 Renstinmes af the avide radienl inn = Continued

Reaction

"0+ HaO= OH+ OH- |

O-+H.=0H-+H

0-+HOf=0H-+0O¢

0O-+ CH,OH
=-CH,OH+OH-

0-+ Cy HQOH
=-C;:H.OH+ OH-

O+ C:O:‘
=0+ 20H-+ COf

O+ {Fe(CH)J*-

= [Fe(CNWP- -+ 20H-

0-+C0t- "= CO; +20H-

0-+HCOz
=" HCO, + 20H-

0~ + NOj '= NO, +20H- |

0-+1- "= 1+ 20H-

O-+CNS-
% CNS+90H-

R
1 |

E(M-15-1) | T{*C) | pH | Ref. Method Comments
| 5.5x102 RT | 13-13.7| [6] | Flash phor. ["Rel to bopy=2.5% 100
(3.0X1015-1) . i
1.7%10¢ 20-25 11 | []21 PR comp. with i Rel. 10 knuc,mnu: 1x10*
(9.2x107¢) | | | | o-+cor- |
2%107 25 13 | [10] | Calculated : Based un equilibrium consts
| | | and ko on=1%4x 10*
(8+4) x 107 23 13| [13) PR observ. of &7 | Comput. ft with other rate
! consts. and depend. upon
| €t
{T=3) %100 | P 13| [4] PR observ. of O5 Rel. to ko v, =2 5% 10°
8.1x108 20-25 11! [11] | PR comp. with Rel. 10 koyocob=4.1 X108
I OH +CO%-
(5.0x1.7) x10° RT | 13-13.7 [6] | PR observ. of Of Rel. to kg-,0,=2.5x 10°
274> 108 | 24 12-13.6 | [21] [ PR comp. with Rel to k-, — 2.6 108
| 0-+0, Corr. 10 zero ionic
| \ strength
$(5.2x1.0) x10* 25 13 [10] ! PR ohserv. of Of Rel. to kg-40,= 2.5 10"
decay
$*(5.8+0.8) X 10* 25 >13.3| [7] | PR pred. form. Absolute Observ. of alcohol
| | | radical form.
18.9 x 108 RT | >13| [14] | PR observ. of Oy Rel. to kp~y0,= 2.5 X 10?
1T(B.4+1.6) x 100 25 | 13 | [10] | PR observ. of O5 Rel. 10 kg-,0,=2.5x10°
. decay |
lT"(l.lSi 0.17) % 10%| 25 >13.3| (7] | PR prod. form. Absolute. Observ. of aleohol
radical form.
1.6 X 107 2 12-13.5| [15] | S irrad. CO; form, | Rel. t0 ko-,0,=2.5X 100
< 7X107 23 13.5| [17] | PR comp. with Approx. upper limit
| OH + ferro-
! | cyanide |
< 107 | 23 | 10.6-13.5| (161 | PR prod. form. | Absolute. Approx. imit.
1.4X 100 | 20-25 11| [11] | PR comp. with Rel. to koys cof—=4.1 X 108
‘ , | OH +COZ-
2.8%100 | 20-25 11| [11] | PR comp. with Rel 10 gy col == 4.1 X 10
| | OH +CO2-
| | .
|
96X 10° m—zs! 11| [11] | PR comp. with Rel 10 kou.s co! -=4.1 X 108
| | | | omscor |
| |
1.0x10° | =12/ [19] | PR comp. with Rel. to kgyp,=2.5% 100
|
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TaBLE 13. Reactions of the oxide radical ion— Continued

Reaction k(M-1s1) I T°C) | pH
0-+0-=0- ' 5.8% 10 BT |
2% 109 23 (
[ : [
< 1.Bx 107 23
< 8% 10 | 23
| ]
| I
0-+O0H=HOs <2.6% 100 23 I
. | |
[ [ [
O-+e- ;’QOH_ (2.2 :0.6) X 1000 3 |
aq
|
? | sx10° | o i
0-+05;—> 10 ’
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Chapter X. Reactions With Biological Molecules

There is an extensive literature on the reactivus
of the OH radical with compeunds relevant to, or

involved in, many biochemical and biological
processes. Reactions studied include oxidative
deamination of aliphatic amino acids; addition 1o

the free bases, nucleotides, and nuclecsides derived
from the nucleic acids; hydrogen abstraction in-
volving the thiol group in cysteine and other sulfur-
containing compounds and carbohydrates; and also,
various investigations of OH-oxidation of hiologic-
ally-active macromolecules including enzymes and
pucleie acid iteelf. In this chapter the data for the
compounds are presented in separate tables grouped
accordingto general biochemical type.

Amino Acids

It is now well established that oxidative and re-
ductive deamination are major processes in the
radiolysis of dilute aqueous solutions of simple ali-
phatic’ amino acids such as glycine and alanine
[1]. It is believed that OH attack on amino acids
of this type, represented as NH;CH(R)COO-,
occurs mainly at the carbon atom alpha to the
carboxyl or amino group.

OH+ NH; CH(R)COO- = H,0+ NHz C(R)COO- (1)

Dependent upon experimental conditions, the o
amino radical may reasct by dismutation to form an
intermediate imino-cation which hydrolyzes to yield
ammonia and a keto acid:

2NH; C(R)COO- = NH; CH(R)COO-

+NH;= C(R)COO- 2)

NHf = CR)COO- + H:0= NH.+ RCOCOO-

3)

Although there is an approximate 1:1 stoichiometry
between OH disappearance and ammonia produc-
tion, this is not so for aliphatic amino acids contain-
ing longer side chains. For example, in the radiolysis
of such amino acids in dilute agueous solution, the
efficiency of ammonia production falls with increas-
ing length of the aliphatic side chain [2]. This is due
to the reduction in the yield of the a-amino radical
relative to thal of radicals formed by OH attack else-
where in the molecule.

Oxidative deamination is not a major process
following the reaction of OH with the ring-containing
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aminu acids, e.g tyiosine, phenylalanine, trypto-
phan, and histidine. As might be expected by
analogy with other aromatic and heterocyclic com-
pounds, OH radicals react predominantly by addi-
tion to the ring. In the case of tyrosine, the hydroxy-
cyclohexadienyl radical formed in this reaction
undergoes a unimolecular elimination reaction in
which a molecule of water is lost from the structure

3],

(i[;.-
| \
1O

k

OH
|j©jﬁﬁ
&

-H: 0 @)

The reaction is acid-base catalyzed.

The rate cunstants for OH addition to the ring-
amino acids are an order of magnitude or more
larger than those for the non-ring amino acids, with
the exception of the sulfur-containing enmponnds.
For this reason therefore, the ring structures in
enzymes are particularly vulnerable 1o OH radical
attack, reactions which may lead, in some cases, to
loss of biological activity.

In the heterocyclic amino acid, tryptophan, there
is evidence of mulifocal attack by OH. This is
based on the analysis of the stable products fol-
lowing radiclysis of aqueous solutions [4] and also,
on a study of the reactions of OH generated in the
Fenton reaction [5]. A detailed pulse radijolysis
study of tryptophan and related substituted indoles
not only confirmed that multifocal attack occurs but
has also provided information on which sites in the
ring are involved [6]. The transient absorption maxi-
mum due to the OH-adduct has three subsidiary
maxima at 310, 325, and 345 nm. The speciruin was
compared with those obtained by OH addition to
indoles in which substituent groups were present at
various positions in the structures. It was found that
the relative intensities of the three subsidiary max-
ima are dependent upon the position of the substit-
uent. It was argued that substitution of a methyl
group on vartous positions of the indole ring should
resinct electrophblic attack by OH at that posttion,
Complications arising from changes in the electron
density distribution in the molecule due to the induc-
tive effect of the methyl group appear to be negligi-
ble since the molecular spectrum of indole is not
very different from those of the substituted indoles.
It was concluded that the effect of substitution on
the relative intensities of the subsidiary maxima in



the transient spectra reflect the lowering of the prob-
ability of OH attack at the substituted position.
Kinetic data indicated that the OH reactivities at the
three sites in tryptophan were of the same order of
magnitude, from which it was concluded that the
three OH-adducts are formed in approximately
equal yield.

It is evident from table 14, that the sulfur-contain-
ing amino acids react extremely rapidly with OH.
Cysteine (RSH) is oxidized to cystine through the
formation of thc intermediate radical RS which
results from abstraction of a hydrogen atom from
the thiol group

RSH~+ OH=RS-+ H.0 (6)
It has been shown by pulse radiolysis studies on

cysteine-related compounds including H:S and sim-
ple mercaptans [7, 8], that under nonacidie condi-

tions, the intermediate RS radical complexes with a

solute molecule to form the jon-radical RSSR-
according 1o the equilibria

RSH=RS-+H+ (7)

RS+ RS-—=RSSR-. (8)

Cystine is probably formed by dimerization of the
uncomplexed RS radicals

RS+ RS=RSSR. (9)

In the presence of oxygen, the high efficiency for
the oxidation of RSH indicates the occurrence of a
chain reaction [9]. It has been suggested that the
RS radicals formed in (6) react with oxygen to form
the RSO, radical which propagates the chain by the
H-atom transfer reaction

RS0+ RSH=RSO,H+ RS. (10)

The chain terminatian step iz dimerization of RS
radicals to from cystine. Thiourea is rapidly oxi-
dized by OH radicals [10]. It has been suggested
that the reaction proceeds through a transient inter-
mediate imino radical formed by hydrogen abstrac-
tion from the imino form of the solute.

SH

s
]
NHz—‘é—NHz = NH;—({=NH (11)

SH
NH;—(],=NH+OH=NH2 =NH+H,0 (12)

A strong transient absorption band with a maximum
near 400 nm, is formed during the pulse radiolysis
of thiourea solutions [10]. This was attributed orig-
inally 10 the imino-RS radicazl formed in reaction
(11). However, more recent pulse radiolysis studies
with the analogue selenourea [11], where a similar

absorption band is observed, indicate that the
absorpticn band is due to a radical anion-dimer
analogous to the species RSSR- formed by OH oxi-
dation of thiols.

o
NH;—C=NH + NH,—C=NH

§—— -5

E i
= |NH,—C=NH NH.—C=NH|+H*  (13)

Some trends are apparent in the rate constant
data listed in the tables. Clearly the absolute reac-
tivities of OH with amino acids (1able 15) and simple
peptides (table 16} vary considerably with the struc-
ture of the compound and also with pH, an effect
which is due to the influence of the jonic equilibria
in these solutes. With increasing pH, the net charge
on amino acids changes from +1 in acid solution
through zero to —1 in alkaline solutions which
favors reaction with the electrophile OH.

The simple aliphatic amino acids, glycine and ala-
nine, appear to be the least reactive although when
OH groups or branched chains are present in the
molecules, induclive effects tend to increase the
reactivity. As discussed earlier, the ring-structured
amino acids are among the most reactive due to the
ease with which OH addition to the 7-electron sys-
tem can occur. Similar trends are apparent in the
data for the simple peptides although the peptide
linkage evidently increases the reactivity relative to
that of the free amino acids. As might be expected,
in peptides where the component amine acids have
different reactivities in the free state, e.g., glutathi-
one and glveyltyrosine. the rale constants are com-
parable in each case to that of the more reactive
amino acid component.

Enzymes

Table 17 lists the available data for some relatively
simple enzymes. In most cases, the rate constants
are of the order of 10M-1s-7, values which are cal-
culated on the basis of the total molecular weight of
the enzymes. Since these compounds contain in
excess of 100 amino acids in their structure, the rate
constants calculated on the basis of the total molar-
ity of the individual component amino acids are of
course considerably smaller. Although attempts
have been made to calculate overall rate constants
trom a knowledge ot the values ior the single units,
such calculations are of doubtful significance in view
of the complex tertiary structure of enzymes and the
varying degrees of accessibility to free radical attack
of different regions in the molecules.

Overall rate constants have been measured by
pulse radiolysis and stationary-state methods. Data
obtained by competition techniques are less reliable
than those determined by absolute methods due to



the problems of kinetic inhomogeneity encountered
in systems containing very large macromolecules.
Fortunately, rate constants can be measured gquite
conveniently by the absolute pulse radiolysis meth-
ods since OH attack on proteins gives nse to strong
transient absorption bands in the ultraviolet region
of the spectrum. These absorption bands are due 10
addition of OH to the ring-amino acids present in the
structure.

Nucleic Acid Derivatives

The relationship between intracellular damage to
DNA and the response of the cell (lethal or other-
wise) to ionizing radiation is one of the most funda-
mental problems of radiobiology. It is not surprising
therefore that much effort has been devoted to the
study of the radiation chemistry of DNA and its
constituent nucleotides, nucleosides, and free bases.

0 '
HN/\ll CH" H_\' 4 l“""::H.‘i
‘ +0QH — . H
o B O “on
H

This has since been confirmed in numerous
experiments with thymine and other pyrimidines.
By comparison with the cis and trans isomers of
5-hydroxy-6-hydroperoxythymine and 6-hydroxy-5-
hydroperxoythymine, it waes shown chromatograph-
ically [16, 17} that the radiation-induced peroxy
compound is a mixture of the cis and trans isomers
of the 6-hydroxy derivative. However, for uracil
and dimethyluracil where hydroxyhydroperoxides
are also produced, there are indications that both
the 6-hydroxy and 5-hydroxy radicals are formed by
OH attack in the bases [18].

An interesting application of the aerated thymine
system, and of relevance to this monograph, is its
use as a reference standard for the measurement of
relative rale constants for reactions of OH with
many different selutes [19a, 19b]. The method is
based on kinetic analysis of the competition,

OH + thymine —* loss of chromophore  (15)

OH + selute— products, {16}
in which the extent of bleaching of the thymine
chromophor is used to measure the relative rate
constant ratio k.s/ks. The application of this kinetic
system is discussed more fully in the final chapter
together with the normalization procedure used for
obtaining absolute values of the rate constants
determined by this method.

In the thymine, the site of OH attack changes
grardnally with inereasing pH [20] In solution of
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It is from this feld of research that almost all of
the available information on OH reactivities with
these compounds derives. It is relevant therefore
to discuss first some of the early work on the station-
ary-state radiation chemistry of these compounds.

Dilute agqueous solutions of simple pyrimidine
bases, e.g., thymine, cytosine, and wuracil are
bleached by ionizing radiation [12, 13]. The chromo-
phore in these solutions is the 5:6 double bond in
the helerocyclic ring which gives rise to an absorp-
tion maximum at 260 nm and it was concluded
therefore that the radiation-induced bleaching was
due to saturation of this double bond. This was
subsequently confirmed by measurement of residual
double bonds by bromination with free bromine.
In oxyzenated thymine solutions, hydroperoxides
are formed, and it was concluded therefore that OH
radicals formed during the radiolysis add to the
5:6 double bond [14, 15]. The full reaction sequence
is as follows:

2 ? cu
1 cH; |
HN 0. HN\<Co.H
I- /I'Q'H - / /H
07 W OH 0 W OH
H H (14)

pH > 9, 5-hydroxymethyluracil is one of the overall
products of the oxidation, indicating that under
these conditions some attack occurs at the 5-methyl
group

N /CHn /LH :0OH
¢ ton =2 [
C
/" “H H an

In the presence of cupric lon, the OH adduct of
uracil is mainly oxidized directly to the vicinal
glycol derivative [21]

H
OH

+Cui1+ H*
‘H

H

“<OH
] +Cunl H,0
A —
H (18)

althongh isobarbituric acid is a minor product of
the reaction

i ':]’ﬂH
T + Cunp — _ + Cu1+H~*
H “SH (19)

Compared with the pyrimidines, the mechanism
of OH-induced oxidation of the purines has received
ronsiderably lecs attention. Early radiation chemical



studies which showed that deamination and ring
opening were important in the overall oxidation
process were explained on the basis of OH-addition
to the 4-5 double bond as the main initiating
reaction [22, 23]

NH. NH.
# : N
N oH, N I
.__.-.!. 8 '__\xil-__x.-
N I‘_‘l' | H
OH (21)

However there is some evidence [24] that OH
attack can occur elsewhere in adenine since small
yields of 8-hydroxyadenine and 4-5-6-triamino-
pyrimidine are formed in this system.
Further confirmation that the 4-5 double bond is
a major locus of OH attack in purines was obtained
from an analysis of the radiolysis products from
several punne bases |25, 26). It was argued trom
conventional purine chemistry that oxidation at the
4-5 position should give, on hydrolysis, 4-5 diketo
products. The overail stoichiometry in the case of
xanthine is given by the equation:
0 0
BN N 4 48,0+ 0, — HN
L |
o

NH

=

+ 2NH,

N N dN 0

H H o

+ HCOOH + H,0,
(22)

Analvsis of irradiated oxygenated xanthine salntion
showed that alloxan and ammonia were formed in
relative yields required by this stoichiometry. For
other purines, the degradation products vary al-
thangh OH additian at the 4.5 donble bond is in-
dicated as the main initiating reaction in each case.

Rate constants for reactions of OH witk free
bases, nucleosides, and nucleotides are listed in

TABLE 14. Sulfur and selenium compounds

table 18. In general, the rate constants are near
diffusion-limited values and unlike the reactivities
with the strongly reducing entity, the hvdrated
electron, there appears to be little difference be-
tween free bases and the sugar phosphate
derivatives. Where the data are available, it can
be ceen that the rate constante measured abeolutely
by direct observation of the rate of formation of the
OH-adduct, agree well with those determined by
measurement of the rate of bleaching of the
chromophor. This again confirms that the 5-6
double bond in the pyrimidines is the locus of OH
attack. Although there are occasionally very small
changes in reactivity with change of pH, it is clear
that, also unlike reaction with e, there appears
to be little general effect of taviomerism on the
rate constants for reaction with OH.

DNA

Nucleoprotein in aqueous selution 1s itself farrly
resistant to OH attack [27] which contrasts markedly
with the sensitivity of free DNA even when present
in_solution with equimolar proportions of free pro-
tein. This apparent protection of DNA in nucleo-
protein is consistent with the proposed structure
for this molecule in which the double helix of DNA
is enveloped by the protein chains. In agueous
solution therefore, OH radicals formed in the solvent
have restricted access to the DNA core and must
react preferentially with the protein sheath.

In solution, free DNA is inactivated by reaction
with OH, a process which occurs mainly by attack
at the base moieties. However, elimination of {ree
bases also occurs due to OH attack on the sugar
backbone [22]. The relative yield of free base
measured after hydrolysis of the irradiated DNA,
is about 20 percent of the total base damage. This
is as might be expected since, in general, rate con-
stante far reartion of OH with aleahals and poly-
hydric compounds (table 19), e.g., ribose, are about
an order of magnitude lower than those for addition
to pyrimidine and purine bases.

Reactant k{M-15-3) pH Ref. Method | Comments
= - — | N I
cysleamine (147x0.1)x 10" | 1.4-9 [B] | PR comp. with CNS- Rel to k7l =1.1x101
cystcinc 1.J3= 10" ] [20] | PIl comp. wilh CNS- Licl. to *;:mrln, = 1.1 10"
(5.1x0.5) x10° | 2 9] | S irrad. comp. with thymine | Rel. to ko trymune = 3-7 % 10°
|
cystine (4.8+0.5) x 100 2 [29] | 8 irrad. comp. with thymine Rel. to kon+ mymme = .7 X 10%
dimelhylsulfide *5.2 % 0@ neut. [30] PR product. form. Absolute. N;O added. No corr. for
H-atoms
dimethylsulfoxide 7.0 100 neut [30] | PR comp. with CNS- Rel. to k. =1.1x10"
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TABLE 14. Sulfur and sclenium compounds Continued

— P

Reactant HM-15-1) pH Ref. Method Comments
gutathione 147X 10 10 | [28) | PR comp. with CNS- | Rel kgl =11x10®
1
glycylmethionine (4.020.3) x 108 2 | [29] | S irrad. comp. with thymine Rel. to kow+ mymine = 4.7 X 109
{1120.25) x10* | 2 [29) | PR comp. with CNS- Rel to k™ =1.1x10%
(2.2403)x100 | 5 | [29] | PR comp. with CNS- | Reb ki =11x10%
|
hydrogen sulfide 1.84 % 10" 6 {71 | PR comp. with CN5- Rel. todftr —=1ix1¢°
6.0x10° alk. I M | PR comp. with CNS- Rel o b7 - =11x10®
hydrogen selenide (1.0x0.3)x10"® | 1.0 [31] | PR comp. with CNS- Mean value calculated three det
I-and Br- | Rel. 10 koo ey = 6.6 X 100
55x10° | 8.5-11.5 | [31] PR comp. with CNS- ko= 7.0 % 10¥
| I and Br-
| | kopgepe-=5.0 % 10#
r-butylmercaptan (1.8=03)x10" | 7 [32] PR comp. with CNS- Rel. to k“::;e"u =11x1Q*
|
methylmercaptan (3.3+05) %1000 | 7 [32] | PR comp. with CNS- | Rel w0 &g, . =11x101
(1.0r0.15) x 10 | 11 | [32] | PR comp. with CNS Rel wag, o —1.1x10
|
2-mercapioethanol 8.5x 10* | 6-7 [28] PR comp. with CNS- Rel w0k =1.1x100°
(2.7+0.4) X 10 ! 7 [32] PR comp. with CNS- Rel to kit =1.1x10"
1(6.1x0.7) x 10* 6.5 | {33] PR comp. with ferrocyanide Rel to koy + terracyan. = 9.3 X 10°
1(4.9+0.5) x 10¢ 6.5 [33] | PR comp. with nitrobenzene = Rel. to koy . eno, = 4.7 X 10*
(6.720.1) X 10° i 11 | £32] | PR comp. with CNS- | Rel 10 kL, =1.1X10°
methionine (8.2x0.7) x10° 5.5-7 | [29] | PR comp. with CNS- Rel. to k%n =1.1x 10
B.5 x 10* | 67 [28] | PR comp. with CNS- Rel wo &, . = L1x10°
(6.0 x0.5) x 10° i 2-2.8 [29] § irrad. comp. with thymine Rel 10 kow+ mymine = 4.7 % 10*
selenourea *6.9 x 10° | nent. | [11] | PR bleaching of solute Absolute
*5.5 % 100 neut. | [11]| PR build-up Absolute
1.20 x 101° neut. | [11] | PR comp. with CN§- Rel o k. =1.1x10"
1.14x 10w neut. {11] | PR comp. with ethanol Rel to kon+ cangon = 1.85 X 10¢
1.17 x 10¢ neut. | [11] | PR comp. with methanol | Rel. to koy s+ cuion = 0.85 %X 109
TaBLE 15. Amino acids
R - im— [ —
Reactant k(M-1s-1) pH | Ref. | Method Comments
alanine 4.6202)X10" | 2 [19] | S irrad. comp. with thymine | Rel. to kons myme = 4.7 X 10°
4.65x107 6 [35] | S irrad. comp. with Rel to koy 4 terrgeyan = 9-3 X 108
I ferrocyamde |
(21+£06) %107 | 55-6 | [20] | PR comp. with CNS- Rel 1o k%L =1.1w 1010
6.6 x 100 | 9.75 | [35] | S irrad. comp. with | Rel. 16 koy + erronyas. = 9.3 X 107
| | ferrocyanide
|
arglndne (0.0 £0.6) x10° | 2 [29] | PR cuwmp. with CNS | Nel w k%“ — L1=x 10"
(7.2x0.5) x 10* 2 | [29] | Sirrad comp. with thymine | Rel to Koy .+ mymne=>4.7 X 10°
(3.5+0.3) x 10* 6.5-7.5 | [29] | PR comp. with CNS- Rel to kmﬂm = 1.1x 101
asparagine 3.1 x107 i 2 [19] ‘ S irrad. comp. with thymine | Rel 0 koy+ mymine = 4.7 X 107
aspartic acid | (2.1+0.2} %107 6.8 [29] | S irad. comp. with thymine | Rel to ko + mymne = 4.7 X 10°
| @s=nx100 |2 [29] | PR comp. with CNS- Rel to kTt = 11x10"
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TABLE 15. Amino acids—Continued

Reactant

glutamic acid
glutamine

glycine

higtidine

hydroxyproline
isoleucine

lancine

lysine
norleucine
norvaline
ornithine

phenylalanine

proline

serne

threonine

k(M-1s71)

pH | Ref.

Method

(1.3=0.1) x 10%
1.5% 102
1.7 =107
{(7.2x0.3) x 10¢
(1.020.07) x 107
4.5 x 108
(1.7x0.17) x 107
5.9 x 10°
2.7x10°
{1.8£0.15) x10?
2.6x10°
3.8x10°

2.0x)0°

(1.9x0.15) x 10°
(5.0x£0.3) x 10°

{3.3+0.15) x10*
(1.70.1}x10°
(18£01) %10
(1.6+0.1) x 10°

(1.6=+0.1) x 10*
(3.8+=0.5) x 10"

(6.0=0.5) x 108
2.8x10°
1.4x10°
1.6 X 10

(72.0+0.3) x 10*

(5.7 0.5) x 108

(5R+0K) %108
16.0 x 10°*

146.6 X 109
{9.5+1.5) X 10
(2.9£0.15) X 108

(2.5 0.15) X 10*
(3.2+03)x10°

(3.6+0.15) x10°

2

2

1
28
28
5

5.8
7
9.5
9.5
105
10.5

12

5.5
9.8

554

neut.

neut.

10.6

L

Comments

[29] | 5 irrad. comp. with thymine | Rel 0 £on momine = 3.7 X 10°

(91 I S irrad. comp, with thymine

|28]) | PR comp. with CNS§-

[29] | S irrad. comp. with thymine !

[29] | PR comp. with CNS-

[36) | S irrad. comp. with PNDA

[29] | PR comp. with CNS-

[35] S irrad. comp. with
ferrocyanide

[35] | S irrad. comp. with
ferrocyanide

[29] | PR comp. with CNS-

[353] | S irrad. comp. with
ferrocyanide
[36] | S irrad, comp. with PNDA

129]) | PR comp. with CN§-
[29] | PR comp. with CN§-

[29] | S irrad. comp. with thymine

[29] | S irrad. comp. with thymine

[20]
(29)
(29]
(29]

S irrad. comp. with thymine

PR comp. with CNS-
PR comp. with CNS-
PR comp. with CN§-

[29]
(19]
[19]

S irrad. comp. with thymine
S irrad. comp. with thymine
S jrrad. comp. with thymine

[19] | § irrad. comp. with thymine

f29]
(29]
[29]
{38]

S irrad. comp. with thymine

PR comp. with CNS-

PR comp. with CNS -

PR comp. with
ferrocyanide

PR product form.

(38]

[39] | PR comp. with carbonate

[29] | S irrad. comp. with thymine

[29]
{29]

PR comp. with CNS-
‘ PR comp. with CNS-

[29] | S irrad. comp. with thymine
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Rel to ko qymine = 4.7 X 107

Rel to ks =1.1x 10
Rel 10 Koxs mrmae = 4.7 X 107
Rel 1o kg =1.1x10"
Rel to kgu+congon = 1.85 X 10%
Rel 1o AT =L1x10%

Rel. 10 kow + perpeysa = 9.3 X 10°

Rel 10 kon+ terrocyan = 9.3 X 10°

| Rel to ki o =1.1x10%
[37] | S irrad. comp. with benzoate [

| Rel to kze

Rel t0 kop . nensoass = 5.6 X 109
Rel. to kou 4 terrocyan. = 9.3 X 1U¥

Rel. to kou s costeon = 1.85 % 109

Rel. 10 £ =1.1x 10"
thiceyan.
Rel to k2 = 1.1 % 10"

thioeyan,
Rel. 10 kon + mymine = 4.7 X 10°
Rel. 10 kon + mrmine = 4-7 X 10°
Rel to kon+ yrmme = 4.7 ¥ 100
=11%x101

Rel. wo &l =1.1x 10"
Rel to k. . = 1.1x10%"

Rel to kan + vymine = 4.7 X 107
Rel. 10 kon + mymine = 4.7 X 10*

Rel. 10 kon + mymine = 4.7 X 100

| Rel 1o kan+ mvmine = 4.7 X 10?

Rel. 10 kop 4 mymine = 4.7 X 109

1 =
Rel to kel =1.1x1010
Rel to th‘:'“““ =1.1=101®

Rel. to ko rermpeyan. = 9.3 X 10°

Absolute. Nz0 added. No corr. for

H-addit.
Given rel to kouscr-=4.1 X102

Rel. to kont tnymine = 4.7 X 107

Rel wo & =1.1x10"°
Rel 1o kre =1.1x10"0

thloeyan

Rel. to kQH+u|ymine =4.7x10%



TaBLE 15. Amino acids— Coniinned

Reactant kM -1e-1) pH Ref, _ Method I Comments o
tryptophan t*(1.2520.2) > 10" : 1 [6] | PR product form. Absolute, N:0 sdded. No corr, for
| | H-addit.
[ (11x0.25) 10 2 [297 | PR comp. with CNS- Rel. to &7 =1.1X10%
| (20x0.6) x10° 2 [267 | S irrad. comp. with thymine | Rel to kon ¢ memne = 4.7 %10
{1.4x0.25) x 10'° 6.1 [29] | PR comp. with CNS- | Rel. to kgi'mm = 1.1 %101
| *(1.2x0.3) x 10'° 8.8 [&] | PR product form. | Absolute. N2O added. No corr. for
| H-addit
|
tyrosine (2.2+0.5) x10'° 10.6 | [39] ‘ PR comp. with CO}- Given rel. to kon.co-=4.1% 108
valine | (6.6=0.5) x10? I 2 | [29] | S jrrad. comp. with thymine | Rel 10 koy- amine = .7 % 100
TABLE 16. Simple pepiides
Reactan F(M-te-l) [ pw Rof | Mathnd | Cammente
acetylalanine 4.6 X 108 | 9.2 | {41 |PR comp. with CNS- Rel o ! =11x10%
ucelylglycine +.2 = 10° | 8.7 |[41] |PR comp. with CN3 | Rel. wo kv =11~ 10
[
scetylglycylglycine | 7.8 % 10° | 8.6 |[41] |PR comp. with CNS- | Rel to k7 =1.1%10"
i
alanylglycine I (1.4+0.8) %107 | 2 |129] |S irrad. comp. with thymine Rel to kous mvmne= 3.7 % 107
gycylalanine . {(1.7£0.15) x 10° 2 |[29] |S irrad. comp. with thymine Rel. 10 kopethymine= 47 X 107
(3.5+0.3) x 10 | 5.5-6 | [29] |PR comp. with CNS- Rel okt =11X% 100
glycylglycine | (1.2+0.1) x 10° | 2 | [29] |S irrad. comp. with thymine Rel. 10 kupe iy mne = .7 X 10°
(1.6+01)x10% | 2.2 |[19] |PR comp. with CNS- Rel 1o k7 =11 10
4.4%10° 4.2 [[41] | PR comp. with CNS- Rel to kTt =11x10%
| (22202)x10' | 556 |[29] PR comp. with CNS- Rel to k7 =11x10"
2.7% 100 6-7 |[28] |PR comp. with CNS- Rel to AL =11 10%
| s2x100 10.5 |[41] | PR comp. with CNS- Rel to k™ =11x10°
glycylglycylglycine (1.4=>0.07) X 10* 2 1[29] |S jrrad. comp, with thymine Rel. to kon + tymine = 4.7 % 10°
| {2.4:£0.25) x 10° 2.8 |[29] |PR comp. with CNS- Rel 1o kT =11x10%
7.3x%10° 5.4 |[41] |PR comp. with CNS- Rel. 1o k. =1.1X 10
| (33+0.7)x10° | 55-6.0 |[29] |PR comp. with CNS- Rel 1o k™. =11x10
(1.75 = 0.15) x 10° 8.5 |[29] | PR comp. with CNS- Rel 10 k-, =1.1X10"
| s.0x10° 106 |[41] |PR comp. with CNS- Rel to k9 =11%10
1
gyeylglyeylglyeyl {2.2x0.6) % 10° 2 |[29] |$ irrad. comp. with thymine Rel. 0 kon+mymine= 4.7 X 107
glycine |
(3.5x0.3)x10" | 2.4 |[29] | PR comp. with CNS- Rel. 1o k7 =11X 101
(4.5=0.5) x 100 5.5-6.0 |[29] |PR comp. with CNS- Rel. 1o *:;lﬁ:un =1.1x10"
{1.220.1) X 10* 7.7 |{29] |PR comp. with CNS- Rel w i = =11x10"
(3.0+0.1) X 16° 9.5 |[29] |PR comp. with CNS- Rel. to j‘:h:;::;: 1.1 x 10
glycylisoleucine (2.7=0.15) x 10* 2 | [29] I‘ S irrad. comp. with thymine Re!. 10 kon+mymme =47 X 10°
glyeylleucine {2.3=0.15) X 10° 2 | [29] | § irrad. comp. with thymine Rel. 10 konmymne = 3.7 % 10%
glycylpenylalanine (8.2=0.6) x10° 2 | [29] ! S irrad. comp. with thymine Rel. 10 Koy s wymine= 4.7 X 107
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Reaclam —|— A(M" s*!) |

TaBLE 16 Slmfn'e peptides — Continued

pH | Redf. |

Methad

Comments

glycylprohne {(1.3=0 1) x ]oll .| 2 | [29] [ S irrad. COI’;‘I-p. with lhymine Rel 10 kou+mym|ne"4 X100
glycylserine I (5.3+0.3) x 108 | 2 | [29] | S irrad. comp. with thymine Rel. to kony nywmine = 4.7 X 10¥
glycyltyrosine (9.0x0.6) x10° | 2 129] |S irrad. comp. with thymine Rel. 10 &on4 thymine = 4.7 X 10°
|
glycylvaline L (1.1=0.1) x 10 2 [29] ! S irrad. comp. with thymine Rel 10 kony qymine= 4.7 X 109
histidylhistidine (9.0x£0.3) x10*  55-6.5 | [29} lPR comp. with CNS- Rel. 10 k";:;n“n =1.1x10"
TapLE 17. Enzymes
Reactan k(M-'s-1) -[ pH I Ref. | Mezhod Comments
aleoholdehydro- 1.6 x 101 | g [42] | & irrad. comp. with P'\ﬂ-‘\ Rel. t ks puny=1.25 x 1010
ECnase (yeasl)
22X neat [43] | PR comp. with nitrobenzens Rel to koysone, = 4.7 X 10°
catalase | 1.4 x]1om | basic | [44] | PR comp, with CNS Rel. to k:)‘(’ml =11x10p0
! vam
lysozyme | t4.9x 100 | neut. [45] | PR product form, Absolute. N:0 added. No eorr. for
| H-addit,
| 5.1 x 10w neut | [46] | PR comp. with CNS- Rel. to k";:m_m =1.1x10°
l 1.86 X 1010 | 9 (421 S irrad. comp. with PNDA Rel. 10 kups impa = 1.25 % 1010
ribonuclease 4.3 x10w 6.8 [47]| PR comp, with CNS Rel. to k::"' _=L1lx10"
8.7 x 10™ 6.8 | [47] | PR comp. with CNS Rel to k™ =1]x]gw
| |
trypsin | 8.2 £ 0.7) x 1010 ' 71 | [48] | PR prod. form. Abeolute. NyO added. No corr. for
{ H addi,
| (1.6x0.1) 10" | 7.4 | [48] | PR comp. with glucose Rel. to Ko s sucme= 1.9 X 109
trypsinogen (LE=0.1) x 101 | 7 48] | PR comp. with glucose Rel. 10 kouy pueee= 1.9 X 10°
T=60°C
TaBLE 18. Nucleic acid derivatives
——— —_—— Je— = = ——
Reactant kiM-1 g=1) [ pH | Ref Method Comments
adenine | 8808 x100 | 2 | (297 PR comp. with CNS- | Relto kL =11x100
(3.8=0.15)x10*  5-55 [29]| PR comp. with CNS- | Rel. 10 k:::"ﬂ.n =1.1x}re
| (2.8x0.5)x10° | 6.5 [49] PR comp. with CNS- | Rel. 10 ]t::l'ﬂ“ =1.1x 101
(5.020.5)x10° | 73 | [29]| PR comp. with CNS- | Rel. 10 ke =11x10m
|
adenosine l (1.75x0.15) x10° | 2 [29]I PR comp. with CNS- Rel. 10 k::n o = LIx10%
¥
| (3.8x03)x10* | 5.2 {29]| PR comp. with CNS- | Rel ok =1.1x101
| @o+nayxie | 74 [ 991 PR romp with ONS - | Rel to b =11x10
, |
adenosine-5-phosphate | (1.95+0, 12) x 100 i 2 | [29]| PR comp. with CNS- Rel o k;‘;c =1.1x e
¥AN
(3.003)x10* | 52 | [29)| PR comp. with CNS- | Relto &7 =1.ix 101
| 4.0x100 |9 [42] § irrad. comp. with PNDA | Rel. to koy, mps = 1.25 X 101

deoxyadenylic acid

(1.3720.12) x10° | 2
(3.5+0.3) x 10° 6.4

[29] PR comp. with CNS-
| [29] PR comp. with CNS-
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Rel. to k™ =1.1x 101
thiocyan

Rel. to k™! =1.1x 100
thlocyan
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TABLE 1B. Nucloic acid derivatives — Continued

!
|

Reactant k(M- 5-1) | pH | Ref Method Comments
_z;osme (3.1+0.15) x 10 I 2 [29] | PR com; with CNS- Rel. 10 kx:unn =1.1 x 101
| (45x0.3)x10° | 56 | [29] | PR comp. with CNS- Rel. to k:::;m_‘_m =1.1x101%
{4.9x0.3) x 0¥ 7.4 [29] | PR comp. with CN§~- Rel. 10 k::;.n-;m =1.1x i0®
| - !
cytidine [ (d3zoe3xier |2 [29] | PR comp. with CNS- Rel to k;l"'“_m“ =1.1 %100
{(4.9+0.5) x10? | 52 [29] | PR comp. with CNS- Rel to lr::"m“ =1.1x10"®
{4.6 = 0.5) x10° 7.2 [29] | PR comp. with CNS- Rel. to k:"“‘_“ =1.1x10'°
| >
cysloaine-5- (2.5x025) x10* | 2 | [29] | PR comp. with CNS- Rel to k:;:man =1.1x10w
phosphate |
(4.4205)x10° | 7.4 ‘ (29] | PR comp. with CNS- Rel to &7 =11x10%
deoxycytidylic acid (3.0x015) x10¢ | 2 [29] | PR comp. with CNS- Rel to k:::;“_yan =1.1 x1p¢
(3.8x0.3) x10° 4.3 [29] | PR comp. with CNS- Rel. 10 k;:;‘cm =1.1x1Q"
(6.0x0.3) x10° 6.7 [29] | PR comp. with CNS- Rel 10 kl’;i"‘ma" =1.1x10"°
|
guanosine 7.6 X 10* | 9 142] | § irrad. comp. with PNUA Hel 10 kppamn = 120 X LUV
deoxyguanylic acid (4¢.7=0.5) x 10° | 2 [29] | PR comp. with CNS- Rel. to kl'::m\”m =1.1x10¢
(fR+05)X10° | 6570/ [29] | PR comp. with CNS§- Rel to k;."'““m =1.1x101°
orotic acid 5.1x10°* neut ! [54] | PR comp. with ferrocyanide | Rel 10 ks rewaesan, = 9.3 X 10°
isoorotic acid | 3.9x10° peut. ‘ [54] | PR comp. with ferrocyanide | Rel to kips rerrsan = 9.3 X 10?
dihydroorotic acid 2.9 % 10° ‘ neut [54] | PR comp. with ferrocyanide | Rel to kinsrerracsan = 9.3 X 109
| |
orotidine | 3.9 x 100 i neut [541 | PR comp. with ferrocyanide | Rel 1o kunssurrocopn = 9.3 X 109
thymine (3.7=0.2) x10* 0.7-7.0| [50] | S irrad. loss of chromophor | Rel 1o ethanol taking
| | komevanann = 1.85 X 10°
| 52x10° [ 1 [28] | PR comp. with CNS- Rel 10 kf7r = 1.1x10%
| (3.2x02)x10° |2 [29] | PR comp. with CNS- Rel to k™ =1.1x10%
| (7.8=10) x10¢ | 2 [19] | S irrad. loss of chromophor | Rel to kuyscone = 7.8 X 107
| {5.0x0.2) x10° 5-5.5 [29] | PR comp. with CNS- Rel 1o kl'::;"mn =1.1 x 10"
(5.3=0.2) x10* 7.2 [29] | PR comp. with CNS- Rel to k:;‘:"ty“_ =1.1x10"
| T4 x100 7 [51] | PR product form. Abeolute. N;O added. No corr. for
H addit
| 4.9% 100 7 [52] | S irrad. loss of chromopher | Comp. with methanol and ethanol.
| Rel. 10 komscenson= 1.85 10
4.7 100 neut. [38] | PR comp. with ferrocyanide | Rel. 10 kgyrermocysn = 9.3 X 10#
1251 100 neut. 138] | PR blcaching chromopheor Absolutc. M;O and O; addcd
(7.6x1.1)x10° neut. [53] | PR comp. with CNS- Rel todl X 1.1x10%
*(7-4+0.5) x10° neut. [53] | PR bleaching of chromophor | Absolute. No corr. for H-addit.
*(4.6+0.3) X 107 neut. [53] | PR product form. Absolute. No corr. for H-addit.
0.2 x 10* 9 [42] | 3 rrad. comp. with PNDA Rel. w Agyepuna — 1.25 % 10"
| 193.9x 108 n | [51] | PR product form. Absolute. N;O added. No corr. for
| H.addit.
1.1 % 10# 124 [51] | PR product form. Absolute. N;O added. No corr. for

51

H-addit.
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TABLE 18. Nucleic acid derivatives— Continued
Reactant k{M-18-1) pH Ref. Methaed Comments
| ~
dihydrothymine (4.7+0.5) x 10° neul. (53] PR comp. with CN5- Rel 10 k:':"&’m =1.1x10®
T*2.2 X 10° neut. [53] | PRproduct from. Absolute. No corr. for H-addit.
22X neut. [51] | PR product form. Absolute. N:Q added. No corr. for
H-addit.
*ox 108 12.4 [51] | PR produet form. Absolute. N;O added. No corr. for
| | H-addit.
thymidine (4.6£0.5) x 10¢ 2 | 129] | PR comp. with CNS- Rel 10 kff . =1.1x10"
| {5.0=0.5) X 10° 5 [29) | PR comp. with CN5- Rel. to An o =1.1x10%
(4.6+05)x10° | 74 (2] | PR comp. with CNS- Rel 1o K. . =1.1x10%
4.7 x 100 7 (511 | PR product form. Absolute. N;O added. Ne corr. for
| H-addit.
1*2.1% 100 12.4 [51] | PR product form. Absolute. N;Q added. No corr. for
| H-addit.
[
thymiuylic acid | {4.3+0.5)x10° 2 I {29] l PR comp. with CNS- Rel w0 &5 . =1.1x10'
(amm. salt}
(5.3+0.5) x10* | 65-7.0 | [29] PR comp. with CNS- Rel 10 £Zh,,, =1.1x 100
uracil (4.8=0.5) % 10° 2 [29] | PR comp. with CNS- Rel 1o &7 . =11 x 10
(5.2=0.7)y x 10¢ S [29] | PR comp. with CNS- Rel. to Kty oy = 1.1 %101
(13+09)x10° | 65 | [49] | PR comp. with CNS- Rel to i =1.1x10%
T*(7.4+1.0) x10* 7 {49] PR loss of chromophor Absolute. No corr. for H-addit
(7.320.9) x 10¢ neut. 53} | PR comp. with CNS- Rel to A%k =1.1x10°
1*(6,0+0.3) X 1(F neut. {53] | PR loss of chromophar Abselute. No corr. for H-addit.
1*(6.5+0.7) X 10° neut. | [53] | PR product form. Absolute. No corr. for H-addit.
(5.3=0,5) x 10? 7.3 | [29] | PR comp. with CNS- Rel. to &7, . =1.1X 1m0
| 6.8 10° 9 [42] S irrad. comp. with PNDA Rel. to kap.pnps=1.25 X 10%°
5-bromouracil 4.3%10° 9 | [42] | S irrad. comp. with PNDA Rel. 1o Zopepnpa = 1.25 X 101*
1*3.6 X 10° i [40] | PR prod. form. Absolute. N,O added No corr. for
' H-addit.
dihydrouraeil (1.2+0.15) % 10° | neut [53] | PR comp. with CNS- Rel to ko . =1.1x10"
[
uridine | {4.2x0.6) X 10° neut. (531 | PR comp. with CN5- Rel. to AT =1.1%10%
*(6.0x0.3) X10° neut. [53] | PR loss of chromephor Absolute. No corr. for H-addit.
T*(6.5x0.7) x 10* neul. [53} | PR product form. Absolute. No corr. for H-addit.
(43506)x10 | 65 | [49] | PR comp. with CNS- Rel. 10 Kl 0 = 1-1 X 101
uridine mono- {(5.1=0.8) x1¢®¥ 6.5 [49] | PR comp. with CNS- Rel to &k ., =1.1Xx 10"
phosphate (mixed)
(5.1x0.7) x 10° neut. 53] | PR comp. with CNS- Rel. 10 A7), 0, = 11210
| $*(4.6x03)x108 neut. [53] | PR loss of chromophor Absolute. No corr. for H-addit.
T*(4.0x0.4) % 10° neut. (531 | PR product form. Absolute. No corr. for H-addit.
uridylyl 3' = 5’ (5.3x0.6) X10® neut. (53] | PR comp. with CNS- Rel. to kiflevan = 1.1 X 100°
uridine (Upl) |
*(3.8=02)x10° neut. [53] | PR loss of chromophor Absolute. No corr. for H-addit.
(cale. per unit base)
|
oligouridylic acid (4.0+0.6) x 10* neut. [53] | PR comp. with CNS- Rel. to &7 ., = 1.1 X 10"
T*(4.3x0.2) x 10¢ neut. [53] PR loss of chromophor Absolute. No corr. for H-addit.
{calc. per unit base)
|
polyuridylic acid i (1.5+0.15) X 10* | neut. [53] | PR comp. with CNS- Rel to k7:  =1.1x10"



TapL 19. Nucleic acid derinatives — Continned

Reactant

k(M- s7)

pH Ref.

Method | Comments
— - Sl - —
|
DNA *6 x 100 7 " i51] | PR product form. Absolute. NoO added. No corr. for
H-addit. Based on mean nucleotide
mol wt. of 350
"6 10° 12.4 | [51] |PR product form. | Absclute. N;O added. No eorr. for
| | H-addit. Based on mean nucleotide
mol. wi of 350
101 9 | [42] |S irrad. comp. with PNDA | Rel. 10 kog.puoa=1.25% 10:°
(mol wt.=5x10°)
*1.3x 104 7.5 [34} | PR product form. Absolute, NyO added. No corr. for
| | H-addit. (mol. wt. =5 X 10}
TABLE 19. Carbohydrates and reloted compounds
e — I T — — —
Resaclam ki M-15-1) pH | Ref. Method Comments
ascorbic seid | L.20% 10" 1 | [28] | FR comp.

|
2-acetamido-2-deoxy- | .07 % 10"
D-glucose

2.acetamido-2-deoxy- | 1.62x10°
D-galactose [
|
N-acetylglucoseamine | 3.07 X 10°
9-.amino-2-deoxy-D- | L77X10*
galactose (HCYH
chondroitin-4- | gox1e
sulfate I
chondroitin-6- 6.8 x 10*
sulfate I
|
N-desulfated heparin | 8.0x10*
|
!
2.deoxy-2-sulfo- 2.12x10°
amino-D-glucose |
erythrytol [ 2.0%x10°
|
glucose | 1 X 10
| 1.9x10°
glucuronic acid 3.09x10°
D-glucuronate (Na) | 3.09 x10°
heparin | 3.7x10%

with CN3
|

| [55) | PR comp. with CNS- |
| |

| | [55] | PR comp. with CNS- |
' |
|

[56] | PR comp. with CNS- |

[55] | PR comp. with CNS-

[55] | PR comp. with CNS- |

[ {55] | PR comp.
o

[
[551 | PR comp.

with CNS-

with CNS- |
! |

| 155)

PR comp. with CNS- |

| 4| 136)
[
[57] | PR comp. with I~
| 2 | 119] | S irrad. comp. with thymine

‘ [56)

| [55] | PR comp. with CNS-

S irrad. comp. with PNDA |

| PR comp. with CNS- |

i ' [s6] | PR comp. with CNS- :

Rel 10 Alflcyan — 1.1 % 10°°

Reb to & yun = 1.1 X106°
Rel. 10 Al un =1.1% 109

Rel to K&k . =11 X 1010

Rel. to k2L =1.1% 0"

Rel. to &R e = 1.1 X 10"
Conc. =mol equiv.fliter
(1. equiv. = average mol. wi. of hexose
unit)

Rel 1o gk yan =1.1 % 10:%
Conc. = mol. equiv./ller
(1. equiv. = average mol. wt. of
hexose unit)

Rel 1o 3 = 11X 10+
Conc. = mol. equiv.fliter
(1 equiv.= average mol. wi. of
hexose unil)

Rel to k% =1.1x10°

Hel to km‘.clﬂlonz 1.85 x 10#

Rel 10 koner= 1.0 % 10%°
Rel to kogsmymme = 4.7 X 10°

Rel to ko, =11 X107
Rel. to &5, =1.1X% 10"
Rel. to k0 =1.1X10°

Conc.= mol. equiv./kiter

{1 equiv.= average mal. wi. of
hexose unit.)




TaBLE 19. Carbohydrates and related compounds—Continued e
Reactant k(M-1g-) pH | Ref. Methed Comments
hyaluronic acid 67x100 | [56) | PR comp. with CNS~ _ Rel to kL =1.1x10"

(1.34x0.07) x 10°

Conec. = mol. equiv./liter
(1 equiv. = average mol. wt. of
hexose unit.)
(58] | PR comp. with CNS~ Rel to K5 . =1.1%10"
| Cone. = mol. equiv./liter
i (1 equiv. = average mol. wt. of
hexose unit.)
{557 PR comp. with CNS- | Rel. to At .. =1.1% 100
Cone. = mo. equiv./liter
(1 equiv. = average mol. wt. of
hexose unit.)
{591 PR comp. with CNS- | Rel toAgl ~ =11x10"®
Conc. = mol, equiv.fliter
(1 equiv. = average mol. wt. of
hexose unit.)

(6] | S irrad. comp. with PNUA | Kel 10 kopeguon= 165X 10
|

9 [42] | 5irrad. comp. with PNDA | Rel. 10 kou+pvpa = 1.25 2 10°¢

[ 2 [19] | S irvad. comp. with thymine
| =

Rel. t0 kow-mynsme™ 4.7 X 107

IA!!_LE 20. Miscellancous compounds

| Rel. | Method | Comments

| [56] | PR comp. with CNS-

| Rel o L

=1.1x1Q°

hyaluroaic acid 6.0 100
(sulfaied)
keratan gulfate 78100
|
pentaerythrytol 3.LX 1 | v
i |
ribose | 21x108
sucrose (2.5=0.3) x10*
Reactant k(M-1s-1) | pH
benzene sulfonate 2.9%1(0
ethane sulfonate | 1.0x 107

glutamine (1.420.15) x 100

poly(ethylene- 1.2x107
sulfonate)

poly(styrene- I 33xloe
sulfonate) |

toluene sulfonate | 3.0x10m

nor-pseudo-peller- [ (74x1) %100

tierine-N-cxyl
(NPPN)

sodium sulfacetamide . 8.1 108

sulfanilic acid | 6.3x10*

sulfanilamide i 0.UX 1w

triacetoneamine-¥- | (4.3+0.5) x 10°
oxyl

[56] | PR comp. with CNS-

29 :S irrad. comp. with thymine !

| Rel. t0 kheyyn =1.1 X101

Rel. to kiyymymine =4.7 X 10°

[56] I PR comp. with CNS- Rel. to Aglcian =1.1 % 1000

| [56] | PR comp. with CNS- Rel. to &l yan =1.1 % 1000

i
[56) | PR comp. with CNS- | Rel. to k. =1.1x 10

|
alk. | [60] PR comp. with COj

Rel. to0 kg“+co’-=4.1 x 108
! I
| |
[61] 'S irrad. comp. with PNDA |
[
|

[61] | S irrad. comp. with PNDA | Rel 10 kopsrnpa =125 X 10
! [ ' (Values interpolated from data)
4
| {61] '3 urad, comp. with FINDA |

Rel. 10 kopepnpa =1.25 X 1000
{Values interpolated from data)

Hel 10 Kopyprps = 125 X 1V
(Values interpolated from data)

alk. | [60] EPR comp. with CO7 l Rel. 10 konscor=4.1 X 100
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TanLE 20. Miscellancous compounds—Continued

Reactant k(M54 | pH | Ref. Method | Comments
Soeial 2% 10% | 8.5 | [62) | PR comp. with CO; | Rel. 10 konscor =41 % 100
cosin-Y 1.4 109 105 | [63] | PR comp. with COZ Rel. 10 kop.cop = 4.1 % 104
| |
[
eosin dianion | *LTx10% (i) 9 {64] | PR product form. Absolute, Compuier analysis.
*6 x 10* (ii) (i) electron transfer reaction
| (ii) OH-addition
] _
fluroscein *{1.6=0.3) X 10° (3} | 92 | [65] | PR product form. | Absolute computer analysis.
*(1.40.2) @ 10° (i) | | (i) electron transfer reaction
| | (ii) OH-addition
[
|
indole (1.37x£05)x10® | 9 [66] | S irrad. comp. with PNDA Rel. 10 uryptophan
| Konswypophan = 1.25 X 1010
indoline (2.02+0.14) x 10 9 [66] | S irrad. comp. with PNDA Rel. 10 tryptophan

1-methylindole

Z-melhyhndole

3-methylindole

1,2-dimethylindole

1,3-dimethylindole

2 3-dimethylindole

5-methylindole

S-chloroindole

3-bromoindole

S-hydroxyindole

S-methoxyindole

5-amide indole

S-nitroindole

5-cyanoindole

indole-5-acetic acid

(1.440.01) x 10°*

1.44 = 1MH°

1.05x 101

(1.25+0.02) x 101

(1.01 +0.08) x 101

(1.26 =0.01) x 10"

{1.66+0.06) x 1010

(1.91 =0.06) x 10

(L57=0.18) x 10°

(1.67+0,10) X 1

(1.39£0.04) x 1000

(3.1720.31) x 102®

(1.25x0.24) X 10

(1.06 0,24} % 1000

(0.790.07) x 101

9 | {66] | S irrad. comp.

9 [66]

9 | [66]

o | 1e6)

9 [66] | § irrad. comp.

o | 168 | St
[

9 [66] | S irrad. comp.

9 [66] | S irrad. comp.

9 {66] rrad. comp.

5 frred. comp.
S imad. comp.

S irrad. comp.

9 [66] ‘ S irrad. comp.

with PNDA

with PNDA

with PNDA

with PNDA

with PNDA

with PNDA

with PNDA

with PNDA

with PNDA

9 [66] | § irrad. comp. with PNDA

9 | [66]| S irrad. comp. with PNDA

9 [661 ! S irrad. comp.

9 [66] | S irrad. comp

9 | [66] | S irrad. comp

with PNDA

. with PNDA

. with PNDA

with PNDA

kousirymophan = 1.25 X 10°

Rel. to tryptophan
kons eypopnan = 1.25 X 11

Rel w0 trypiophan
kOH+Itrnhwhln= 1.25x 101

Rel to wryptophan

koH+ oypophan= 1.25 X 10'°

Rel. to tryptophan
kan 4 grpropnan = 1.25 X 101

Rel. to tryptophan
Kot trymopnas = 1.25 X 1010

Rel. to tryptophan
KoM+ rypopnan = 1.25 X 1010

Rel. to tryptophan
kon+tryomoohan ™= 1.25 X 1(1*

Rel. to tryptophan
kon+trypropnan = 1.25 X 101°

Rel. to tryptophan
Ko+ trrpopnan = 1.25 X 1010

Rel. to trypiephen
Eons oyptophen = 1.23 X 10°*

Rel to tryptophan
kom+trrmophan = 1.25 X 1010

Rel. to tryptophan
Ko+ ryreophan = 1.25 X 1010

Rel. to tryptophan
ko +aypemhan=1.25 X 100

Rel. to tryptophan
kon+ eypiopaan = 1.25 X 100%

Rel. to tryptophan
kon+u-,m..= 1.25 x 100
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constants, it is ¢cvident from table 21 that agreement
with values determined by absolute methods is gen-
erally very good. Therais little doubt attached to the
authenticity of the absolute value of the reference
rate constant and, in addition, the reference reac-
tion is a one-electron transfer reaction in which both
the reactant (ferrocyanide ion) and the product
(ferricyanide ion) are stable chemical species. We
consider, therefore, that the evidence to daie jusi-
fies the acceptance of this method as a reliable
competition method for the determination of OH
rate constants.
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