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Foreword

The Natioaal Standard RcÍerence Drta Syrrem provides access to thc quantitative data of phy+
icel scieuce, critically evaluated and compiled for convenience and readily accessible through o

variety of distribution chdDnels. Îhe System was etabliehed in L 3 by action of the President's
O6ce of Science and Technology and the Fedcral Council for Science and Technology, and
rerponsibility to admiDister it was assigaed to the National Bureau of Standsrds.

NSRDS receives edvice and planniag assistance lrom a Review Comrnittee of the National
Reseerch Council of the National Academy of Sciences-National Acaderny ol Engineering. A num-
ber of Advisory Panels, each conceraed vith a 3ingle technical rrea, rn€€t regularly to examine
major portions oI the program, asrign relaive priorities, and identify epeciÀc key problems in
need of further attertion. For selocted specifc topics, the Advisory Panels sponsor subpanels
which make detailed studieÉ ol uoers'needs, thc piesent state of knowledge, and exisîint dEta re-
source as a basis lor reoommending one ot more data compilation activities. This assem.bly oI
advisory services contribules gready to the guidance of NSRDS activities.

Thc Syrtem now includcs a complcx o{ data ccntcrs and other activities in acadcmic insti-
tutious ald other la.boratories. Componcntc of the NSRDS produce cornpiletions of critically
evaluoled data, reviervs of the 3tate of quantitative knowledge in spctialized ereas, and computa.
tions of us€ful functions derived from stsnd8rd relerence data. The centèB and projentr .l.o
establish criteria for evaluetion and coropilation ol data and recommend improvelnentg in ex-
perimental teohniques. They are normally associated witb Ìesearch in the reìevant field.

Thc technical scope of NSRDS is indicoted by ùe categories of projects active or being
planncd: nuclear properties, atomic and molecular properties, solid state proFÉics, thermody-
narnic and trsnsport prop€rties, chemical kinetics, and coùoid and surface properties.

Reliable data on the properties o{ matter and materials is a maior foundation of scientific
òùd tc!Ìrun:.t prugrwr. Such impurr.rnr ucrivirir:r rs baslc scienrtfc research! lndùsEial qualtrv con-
trol, development o{ new materiels for buitding and other technologies, measuring and correcting
environmental pollution depend on quality reference dora. In NSRDS, the Bureau's responsibilitv
to rtpporl Amenean cicnea, ihÀnctiy, rnrl comnerce ir eit.lly ful6[.d,

RrcsÀrD V. RoBEnrs, Director
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Reactivity of the Hydroxyl Radical
in Aqueous Solutions

Leon M. Dorfman and Gerald E. Adams

fi. rcacúon rar. da(r of rbe hydroxyl rodicrl in aqueous solution rrc cotnPiled and €l|lult€d in
thi! cntrc.l r.riew. Thc 'rlucs Ùr reponcd .
úon, irors.nic electron uanster and radical
biolosical molc.ulès ar. incìuded. In additior
Phyeicsl propcÍ;es uc listcd and the expcri
rcview.d. An analysis invol"ing rEic constant

K€y wordsr Abstnction reÀcrionsì addition r€rctions; aqueous solutioni biologicaì tnolecules; electron
Ùansfer rerctions; hydroryl radic!li oxid€ rsdicd ion; rtdical reactionsi ràl€ consrÀnrci r€f€renc€ dÀla

Chapter L lntroduction

Water is the most important single solvent in
which the physical rnd chemical processes thal can
occur are of broad importance in so many areas of
the naturaì sciences- A,s a resÙlr, the ratpq end
equilibria of chemicaì reactions in aqueous solution
have been the subjecr of counrless investigalions
of alrnost every conceivable chemical system of
oubctonoec eoÌuble in wst6r. Amone the;mponant
chemical reactions occurring in vatel ale those of
the free hydroxyl radical, OH, a reactive decomposi'
tion product of water vbich exhibits strong oxidiz'
ing propcÌtics. Indccd, it is onc of thc atrongcct
of chemical oxidizing agenrs.

Hydroxyl radica.l reactions are of importance in
both chernical and biological systems. In chemical
systems, such reactions may be fundamental siepe
in the hydroxylation and oúdation of aquo-orgonic
systems, in
compreÌes,
In aqueotrs
ionizing rad
two principal reactive sp€cies îormed in the de'
composition of the water. Subsequent oxidation
reactions are the resuh of its formation. It is, in
fact. lhe applicatiol of fast reaction methods in
radjation chemistry which has provided the major
pan of the new information on the reacriviry of the
hydroxyl radical, to which this monograph is
directed.

In radiation biology, since 80 percent of the cell
consists of water, rcactioDs of the hydroxyl radical
as a reactive transient are important in biological
damage. The eflects are indirect and evidence has
recently been accumulaled vrhich shows that a
substantial pan of this indirect damase to the cells.
in many systems, is due to oxidative efrects which
may be attributabìe to the hydroxyl radical. ln'
formation from such stùdies, moreover, has a bear-

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

The chemical reactions of the hydroxyl radical
in water mey he nlassificd à< fo'rr difrerent typer.
These are:

(a) Addition

OH + C6HG = (OH)C6H6. (l)

in which the hydroxyl radical adds to an unsstur.
arcd cornpound, aliphatic or aromatic, to form a frcc
radical product. The addition lo aromatic com.
pounds, from which various cyclohexadienyl
radicals are formed, is typical;

(b) Hydrogen Abetraction

OH+CHTOH:.CH,OH+H,O Q)

to form a free radical and water;

(c) Electron Transfer

OH+ [Fe(CN)s]r-: [Fe(CNh]3- + OH (3)

to form ions in a higher valence state. or an atom or
free radical if a mononegatire ion is oxidized, and
the hydroxide ion;

(d) Rsdic.l lnteraction

OH+ OH: H.,Or (4)

in which the hydroxyl radical reacts with another
hydroxyl radical, or with an unlike radical, to com-
bine or to disproportionate to form a srable product.



A subclassification of these four reaction tvDes
exists since the hydroryl radical has more rhun òne
form. OH behaves like a veak acid. ionìzins in verv
.trongly basic solulion to form O . a speciÀ whose
reacrivity diff€rs substantially from that of OH.

Many separate reactions of each type have been
investigated and the speci6c reactìon rates de-
rermined. Precise quantitative information has been
developed principally through the application of rhe
pulse radiolysis technique. Since the radiolysis of
water, the mechanism of which is fairly compìetely
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 [l-3]', and
their determination of rate constants for several addi-
tion reactions of OH, led to subsequent meÀsurements
of such rate constants for a Ìargi number of organic
compounds. The work of Rabani and Matheson
[4, S] on the reactivity of the hydroxyl radical with
fenocyanide ion, provided an example of elecrron
transfer in a reaction which has proved useful as a
reference reaction. The generaliry of such elecron
transfer reactions of OH with inorganic anions and
complexes was demonstrated by Adams and Boag
[ó. ll who observed the formation of optical!
absorbing transients from anions of Group rF1 of
the periodic table. A large part of the work which has
provided the information contained in this mono-
graph has evoìved from sìudies of this type.

A critical appraisal and compilation of available
data constitutes the substance of this monogaph.
Any qùantitative rnodel for a leacting system resîs
on a knorv'ledge of the individual rate constants for
the elem€ntary reactions of the reactiye transienî
species. Vost satisfactory rests of rhe validity of
such models require a knowledge ol lhese individual
raîe coDstanîs. lt is our hope that the contents of
this critical compilation will prove useful in different
areas of research.

Explanation ofTables
The inforhetion contain€d in th€se rables reorè-

senis a crirical evaluation as well as a compilatlon.
Accordingly, the tables contain not only thi values
and the cogent parameters of the system. but also
bricf notations obout thc mcthod uscd in cach casc
and the particular experimental aonditions l,hich
may be crucial in establìshing the validity of the
results obtained. In rhe case of nany of the rate
uurrstaxLs drrct riflcd un a r€ldrivc basis, rlrc vulue:
presented in these tabìes will be found not to coin.
cide with tlre values suggested by the original
authors. Such values haveieen corrected to b-ring
them into accold wrth the most rebable vaìues avail-
able for the raîe conslants of reference reactions

.' Fisùr.r in b'(l.h 
"cI. 

rh. lir.riur. r.L,.n(.r :r rh..nd ot.ri h .hrDr.rÍ.i.rocé rr. iuhb.r.d ind.p?nd.rrlr ld.r ù (hrDr.r.

which have been used in the determinalioD of thcse

t"l;;t;;"lu"t The following notation has been

t..ì ," ai.iirg"i"tt the characieristics of the valucs
wherever oossible:*. .b.oiute values-which do not depend upon

the vaìue of a rate constanl for some reference
reaction used in competition studiesi

t. most reliable valués - values of which the
accuracy rwithin the stated experimental un'
certainty or ìacking such a slatement, within
1307o) seems least trpen to question consider'
ing such factors as the scatler, or in some cases
the paucity of lhe experimental !esults or,
more commonly, the complexities in interpre-
tation of the dala.

The selection has the following basis: Values
merit the confidence imptied by the designation
"most reìjable" when they are obtained by methods:

(a) which are as direct as possibl€,
(b) r'hich involve only few. welì.established

assumptions aboul mechanism, and
(c) from which the evaluation of the data foìlo*"s

from a closed analytical solution of the rate
equations for such a mechanism, or from a
computel analysis of these rate equations.
Accordingly it is not surprising lhal most of
the values so designated have been deler-
mined absolutely by pulse radiolysis, or in
competition kinetics by pulse radiolysis
.ather than by analysis of slabìe products.

It may be helpful to point out that, converscly,
the following negative criteria have, iu general, bcen
appì.ied in excluding the I designation for many of
the data whenever:

(a) the system involves a complex rnechanism
which may not be cìearly established, or more
particularly,

(b) the relarionship betseen lhe species moni
tored and the reactlon ol the hydroxyl radical
is not clearly established, or

(c) the degree of scatter of the resulrs is so great
as to raise a question about the meaningfulness
ol lne average, or

(d) the variation of appropriate physical
parameters covets too small a range to consti.
tute- a satisfactorv test of validitv of the kineric
anarygrs! or

(e) insufficient information has been provided to
judge wherher the c teria for inclusion have
been met. Data from lhe thiocyanate competi-
tion method. for example, have not been desig-
nated most reliable because of uncertainties
about the mechanism; nor have values for the
rFAcrinnq with ernmati. .omnnunrls nbrainerl
by carbon ùoxide analysis because of the un-
certainty in relating the yield of this stable
product to the rate of the eÌemenlary reaclioD
in qu€6tion.

The designarion of most reliable values should
be viewed as an attempt to provide some guidance
to the reader who is not fami[ar with the details
of rhe methods. IÌ is no, besrowed as an accolade.
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Chapter II. Experimental Methods

Several different methods of generatìng hydroxyì
radicals in u'ater. or in aqueoùs iolutions,-have beén
used. Among these are: (l) radiation chemical
methods in rhich *'ater is decomposed by ionizing
radiation, as, for example, by eìectrons, (2) photo-
chemical methods in which hydroxyl radicals are
formed from water by the absorption of ìight in the
vacuum ultraviolet, or from hydrogen peroxide in
solution by the absorption of light in the uìtrsviolet,
and (3) chemical methods in which the hydroxyì
radical is formed in a cbernicaì reactioD as in Fen-
ton's reaction, or the reaction of titanous ion with
hydrogen peroxide.

investigations rhar the bulk of the dara tabujeted
here have originated.

The brief description o
which follows, is in no --
of technique- lt is simply
to provide the geqelai
slanding of the rnethod of generaring hydroxyl
radicals .and- of "bsening theii reaóiions e.nd
determining troh sucl observalions, tire jnd:vidr;al
rale constants. It is inlended to give the reade; sor]e
appreciation cf the compìexities which are en-
countered in ariving at the 6naì results.

Radiarion Chenieal L{et[-.ocìe

The decomposition of nater as a result of the ab.
sorpljon.of energy fiom ionizing radiation passing
throùgh it produces some stable products and some

H,O1A.> OH,c;",H, H", H"O,, H3O:a,OH;q.(t)

In addition to the oxidizing species, OH, and the
rcducing spccics, c;o ond [L there ie a smaller yield

of molecuìar products, h-rdrogen and hydrogen
peroxide. These are thought to be formed, at least
in part, in local regions of high concentration of the
primarv 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 Sphedcal radii which are
initially less than 100 A. The hydronium ion is
formed in the rapid ion molecule reaction which
forms the hydroxyl radical:

H,O' + H,O = H3O* + OH (2)

This reaction occurs in a time shorter than the
dielecrric relaxation time and thus, before the HzO-
is solvated. Hydrated electrons are formed in less
than l0 Ir s as the secondary electrons in the
systern approach rhermelizarion. Both OH and
e.l are thus formed in times shofter than l0-rr s.
The hydroxicie ion, indicated in reacrion (1). is
formed by interaction of a hydrated electron with
hyciroxyl radicai in the spurs.

The vields of:hese transierrt species are a fune,

thc kinctics of thc hydroxyl radical rhcn, irradiated
rr,;ater may be reEardeC as essentiaily a two-radical
systern of OH a"rd e;o. with Fi emounting to only g
percent of the lctal initial cohcentration of reactive
radrcals. It Ìs also possìble to cohven the hydiated
electrons ìnto hydroxyl radicaÌs by the use ofnii:.ous
oxide as an electron scavenger. The occurrence of
the overalì reaction

e;q + NrO + HrO: N, + 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-
centrarion ratio IOH] "/[H], = iO.

It should he Doihted out that it is the nature of rhe
process of energy loss by the ionizing radistioD that
makes the radiolysis of water the mosr convenrent



components of the sy.tem ln diìrrte snìrrtinns of any
solute, therefore, il is the water which absorbs
alrnost all the energy, leaving the solute molecules
relatively unaffected. This is in contrast to the palti'
tion of incident encrgy 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 quit€ strongly by most
solules of intetest even Àt low concentration

It shouìd also be understood that the energy of
the incident electrons is not a physical parameter
fundamental to the investigatioús since a continuous
electron cnergy degradation spectrum exists in the
system.

Although the initial spatial distribution of the re'
active transients in irradiated water is nonhomo-
geneous and has itseU been the subject of direct
invesligation [13] on a time scale of l0-'r s, this
heterogeneity is short-lived. The spurs have a
lifetim€ on the orde. of lO e ro ì0-€ s, eftcr {'hich
the distribution of the reactive transients becomes
homogeneous bv diffusion. Most kineric investiga-
dons òf hydroxyi radical reactivity have been carried
out on a timc scalc grcotcr thon l0-e s. The hydroxyì
radicals generated in this way are in the ground
electronic state and, presumably, in the ground
vibrational state since collisional de-excitation in
culrlcnserl pltuse .uulr.l Lc "cr 

y '"pid.Since the radiolysie of waler provides such a

convenient means of producing hydroxyl radicals,
the development of the pulse radiolysis technique
furnished an ideal fast reactiori method for the study
of their reactivity. In this method, the radiation is
delivered to the solution in a single pulse, the dura-
tion of which may range from l0-r' to 10-6 s. Most
irvestigations of hydroxyl radical reactivity have
utiìized electron pulses ranging from 50 ns to I ;rs
in duration.

The source of the electron pulse in such studies
may be any one of a number of different typ€s 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 acceìerators, modified to stole charge snd
deliver a single, high cuEent elecuon pulse, usually
at 2 or 3 MeV, have been used in several labora-
toriee. The Feberron2, an irnpulse mechine utilizing
a capacitor bank rrith a Man surge circuit to deliver
a Dulse of fixed lenelh at 2 MeV, is a convenient
sour"e for pulse radiolysis. X rays have been used
infrcqucntly bccausc of thc convcrsion loss a'd havc
not been applied in ony of the work on hydroxyl
radicals. Detailed chsracteristics of most of the
sources used have been presented in a recent book
[4] on rhls subJ€cr.

The characteristics of the electron pulse, which
are of imponance in fast reaction studies are its
duration and time.profile and irs ampìitude. Pulse

E d.rri62d in thn r'r! in ord.r ró
." * .ú. dc. .uc[ id.nrindioi

iolll Ed..ù or Srùd.rd.

ìengths ranging from I ns to I ps or longer are
readily available; pulse lengrhs of less than 20 ps,
frorn the fine structure of a microwave linac pulse,
have been used in a special application [ta]. The
pulses with a duration greater than a fer,r' nano'
seconds are fairly welÌ represented as a square wave-
form. Thus, the Van de Craaff at Argonne National
Laboratory, with which pulses as short as l ns have
been used, has a pulse nith se time and decay
time of less than 0.5 ns. The microwave linac at the
Ohio State University, with which pulses generally
longer rhan 10 ns ha"e been used, has rise and decay
times of 5 ns. It is al impoflant convenience in the
interpretation of kinetic data thar the time'profile
of the puÌse approximates to a square wave-
panicularly that the falling edge is represented
bv a step function.'The 

pulse current must be high enough so that a

order of 0,ì A to almost I A. In any evenl, lhe
magnitude of the product of current, duration, and
voltage of the pulse is such that, in most applica'
tiurs, a siuglc pulsc rrill dclivcr in tl'e ra,rgc uf 0 02
to 5 J. With most systems, this is a sumcient power
level to produce an "instantaneous" concenlration of
transienì species in the range of l0 7M to almost
l0-'M. Such a concentration is readily detectable
by a variety of methods.

The solution into which this energy perturbaîion
is lly
of [n
Ee9
se qe

beam energy. The power level is insumcient, there'
fore, to produce any siSnificant temperatule rise in
the system.

The reaction of interest may be observed by moni'
toúng one of the propenies of either the reactive
intermediate or of a product formed directly in the
elementary reaction, over an appropriate peÉod of
time following the electron puìse. Propenies which
havc been uood cte: opticol obcorption' opticoì cnio
sion if rhis occurs, electron spin resonance absorp-
tion if the requirement of time resolurion permits,
and electrical conductivity if the species is charged,
Optical absorption is thc most vcrsatilc of tlrcsc
methods and has proved to be by far the most ex.
tensively used. ln this case, the optical absorption
of a monitoring light beam passing through the reac.
(ton cell ls measured by fast spectrophoroelectrlc
fecolding at an apprcpriste wavelength, startingsl, or
before, the time of the pulse and extending after it
for several half.times of the observed reaction. A
typica.l rate cune for the formation of a product in a
hydroxyl radical reaction is shown in 6gure l. The
identity of the absorbing species may. in some cases,
be known from prcvious work in which the sp€ctrum
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has aìready been assigned; in others, it may be the
suhject of some speculaùon in the event the identity
is based on the chernical behavior of îhe system.

Rate constants for reactions d the hydroxyl radical,
with the exception of the combination reaction and
the reaction with molecular hydrogen, have not
beeD determined by obsening OH dircctly. An
optical absorption in the far uv [15, lóa] thought
ro be that of the hydroxyl radical in water, is îoo
weak, and in a spectra.l region too readily obscured
by most soìutes to be used for this purpose. lnstead,
the rate curves for product formation have been
used.

In many caccs, as will bc cxploincd, rato oonstants
have been determined by competition, in which the
relative concentration, rather than the rate, of a
product formed is determined. Such competition
methods may utilize a steady radiation source such
as a Co6o 7-ray source rather than a pulsed electron
source and will. in that case. involve the relative con-
cenuation of a stable product rather than that of an
intermediate.

Another radiation chemical method vhich has
been used effectiveìy for lhe d€termination of rate
constants of tì,vo important reactions of OH, is the
equivalent of the roÌating sector merhod- A pubcd
Van de Graafi acceleretor, in which the pulse dura'
tion and period could be varied, was used.

Photochernical Methode

Vater vapor absorbs stronglyin the vacuum uìtra-
violet region of the spectmm, the continuum
extending from about I'15 to 200 nm. This absorption
was, at first, thought to result in the photodissocia'
tion reaclion:

Hro ---------r lHro"l --------+ Hr + O, (4)

However, it was argued, on energetic grounds, thst
the dissociation is not possible for wavelengths
longer than about Ì80 nm and that the primary
dissociation step is:

HrO ------+ [H,O*] 
-+ 

H + OH. (5)

The absorption sp€ctrum in liquid water is dis-
placed sùghtly to longer wavelengrh. The first indica-

formed by the photodecomposition of hydrogen
petoride rvirh light ofwaveìeneth 253.? nm:

H2Oz + OH+OH (6)

Under some conditions the quantum yields for
HzOz removaì 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 HrOr photodecomposition
indicated, inirially, a primary quanturn yield of
unity [20]. However, a subsequent investigatir.rn
[2li ofthé photo-oxidation of forinic acid in so'iution
containing HzOr showed that the true quantum
)'leld 16 O.5. The kireric bchuviur uf tl,c tlcuuruposì-
tion prcducr is identical to that of the oxidizing
species formed in the T.radiolysis of water [22]
and there is nov little doubt that it is the free
hydroxyl radicaL

The fast-flov technigue has been used in an ESR
study [23] of the suucture of radica.ls formed by
reaction of OH produced by HrOz photolysis. In
this technique, rdhich, in Eome respects, is similar to
that used in th€ fsst flòw ESR studi€s with the
Ti3*/HrO, reagent described below, HzO solution is
photolyz€d just b€fore it i6 passed through the cavity
of the ESR spectrometer. Undel appropnate condr-
tions, radicals formed by reaction of OH with a
second solute are sufrciently long.lived ro permit
their ESR spectra to be recorded. As with the other
flo1.l| experimentB, the strenBh of this technique lies
in its suitability for studying the structures of
radicals formed by reaction ofOH.

Although attempts have been made to use HrOr
phorolysis as a source of OH radicals for kinetic
sludies [24, 25], irs usefulness is restricted to those
fev systems where the absorption of the solute at
this wavelength is low relative to that ofHrOr,

It has been shown [26] that solutions of ferric ion
can initiate vinyl polymerization when irradiated
with light ofwavelength 3ó5 rrm and oúdize aromatic
compounde, incìuding benzene itself [27], to the
corresponding phenols. The evidence is strong that
the primary photochemicaì reaction involves an
internal electron transfer reaction in a ferric ion
complex which leads to ejection of rhe hydroxyì
radical from the solvation shell:



Fc OH'r + Fcr+ + OH. (7\

In the case of benzene, thL primary quantum

efrciency for light of wavelength 313 nrn is 0.13 [27].
There are llo repons ol this system being used for
determining any OH reactivities.

Chemical Methods

The Fenton Reaction
ol
of
ly,
rs,

amino compounds, and phenols nrere similarly
oxidized while, at higher temperatures, some simple
al.iphatic alcohols als,r reacted. The reactions
appeared to be specific to ferrous ion and were de-
Dendent upon pH.' In the ihirtiis, the classic urork oi Haber and
Weiss, continued Ìater by Weiss, led to the postula'
tion of the hydroxyl radical as an intermediate in
the Fenlon reaction [29]. This did much to clarifv
the mechanisms of tbe many oxidation processcs
initiated by this reagent.

To explain the obsenation thal ferrous ion rvas a
much better catalys! rhen the ferric ion in the
dehydrogenation of varìous substrates by hydrogen
peroúde, it was proposed that lhe initial step is the
reaction:

Fe,- +HrOt--+ Fd-+OH+OH-. (8)

Adequate confirmation of the OH radical as an inter'
mediàtc, obtained first from an inv€stigation of lhe
chain polymerization of olefrns [30] was provided by
evidence from a variety of other systems [3]-34].

The mechanisrn of oxidation of organic substrates
by the Fenton reagenl can be complex. An initial
examinaîion of the kinetics of oxidation of a range of
compounds [33, 34] appeared to indicate that the
reactions couÌd be classified into "chain" and "non'
chain" processes. It was proposed that OH radicaìs
formed in acid solution by reaction (8) react with an
oxidizable substrate RH, by hydrogen abstraction
to form the radical R' . Since IIzOz is present this
radical may react in a chain propagation step to
regen€rate OH;

R.+ HrOe+ ROH+OH P)

ln such cases, lon concentrations of ferrous ions
could initiate the chain oxidation of an excess of
orsanic solutc. If, hovcvcr, rcoction (9) wcrc alow,
chain terminalion could occur by radical.radical
reaclion by oxidation by FeIII. Since ferrous ion
can compete with the subsrrate for OH, ir was
proposed that kinetic analysis of the data should
yield the rate constant rado for these two reactions.
A large number of reìative rate constants rr-ere

obtained by this method, although it is now known

rhat the mechanisms nronoserl er" inr:omplete. No
account vas taken of eirher the reaction of the or'
ganic radical with oxygen or the formation of HOr
in the chain propagation stepr

OH+HrOr"+ HOr+H:O. (10)

The overall reaction mechanism is sensitive, there-
fore, to the relative concentrations of the various
solutes. Nevertheìess, the kinetic data are inter-
esting from the historical viewpoint in îhat they
represe-nî the first systematic study of OH reactivity
gcncrally.

H2O, syslem describcd below, rhe usefulnesa of the
Fenton reaction ìies more in its spplication in fast'
flow/ESR techniques where the emphasis iE on the
structure of the radicals formed by reaclions of
OH rather than on the kinetics of the processea.

Titanour Ion

Titanous ion, Ti3+, reacts with HzOz in a process
ana.lagous to the Fenton reacdon, although it has
been reponed that the reaction is faster [35].

Ti3+ + HrO, --+ Ti.+ + OH + OH-. (ll)

A convenient and fruirful method of studying re'
actions of the OH radical generated by this reaction
has been uaed [3ó, 37] in which the reactantE,
titanous ion, HrOz, 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 lesonÍrnce spectrometer a shon time
after mixing and tbe ESR spectra of the banoi€nt
free radicals forrned by reaction of OH with the
substrate sre recorded

The mecbanism of the titanous ion/H202 leaction
is undoubtedly complex. The OH radical produced
in (Il) reacts with both Ti3' and HzO: forming,
rcspectively, Ti'* and HOz radicals. The relative
efrciency with which OH can react with an added
substrotc thcn dcpcnds on thc rclotiwc solutc con
centrations. However, funher complications arise
from the existence of complexes between HzO and
the Ti'+ ions formed in the reaction. In the ESR
spectrum ubscrvctl after urixilg Ti3' alrl H2O2, Lwu
singlet lines are observed which have been at-
tributed ro separate specics in view of the different
time constantE for the decay [38, 39]. There is little
doubt that the singlets are due to complexes of
titanium ions and oxyradicals ftl0, 4l] and recent
evidesce [42] indicates that rhe radical involved in
both compleres is HOz.

It has been suggested [40] thar the reactive
sgenb in the oxidation of organic substr&tes are
complexes containing tilanium ions and OH radicale
and not free OH and that they are responsible for



the singlet specna. Double mixing experimenrs have
shown. however. that this is not so [43ì.

When Ti3' and H:Or are broughr togerher a
shon 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-
rnediately the OH radical is formed, OH will react

[,14] and various unsaturated aliphatic compounds
[45, 4ó1.

quantitative measurement of the kinetics of OH
ÌeactioDs-
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Chapter III. Kinetic Analyeie

The rate constalts in this compilation have been
determined by one or another of the following
methods, for which the kinetic anaìysis wilì be
indicated and some of the requirements and pit-
falls mentioned. Three of these methods lead to
absolute values fo! the rate constant. while a fourth.
very commonly used, leads to relative values in
which only the ratio of the rat€ constant to that of a
competing reference reaction is known.

Direct Obserration of Product
Formation

Direct observation 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. (t)

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

OH + OH: HzOu e\

is competirive with reaction (l), a conòtion rhar
will obtain if the ratio È, [X]o/tr[OH]o is sufficienr.ly
ìarge, say, great€r than 50, the rate equation for
product formation is, simply,

,rDl+: i,[oHl[x], (3)t-

which reduces, for the condition [X]s > [OH] to

)lDl*.;.,-/,i[oH]. 
(4)tlt -

Since the formation of P and the disappearance of
OH are complementary, the integated forrn of
this equation, in terms of the optical density,
Dr, of P at any time, is:

Ine (D- - D,) - l6s n-: - 0 43d-11,r (5)

/ri, the 6rst order rate constant, may then be obrained
from the slope of a plot of log (D, -D1) versus time,
which should be linear, The absolute value for /r,,
the bimolecular rate constanl! is then obtained from

È,: Èíl[x]o

In this applicalion, P must be the only species
absorbing at Àr, rhe monitoring r*'avelength, uhose
concentrÀtion changes sensibly during the observa-
tion. It is generally nol satisfactory, because of the
insensitivity of log plots, to rely on a linear plor
at only a single concentration of X, but rather more
desirable to demonstrate constancy of Èr, with
variation of [X]o over a reasonable range. If severaì
products are formed concurrently from OH and X
in reaction (l), Èr will be equaì to the sum of the rate
constants for the individual reaclions.

If thc rotc of rcaction (2) is not ncgligiblc rclodvc
to that of (I), 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 dorre quite reatlily by alalug ur JiÉittrl curtrputcr
calculation since the value for È2, as will be seen, is
known absolutely. In some cases the reaction of
e; and of H will not intelere in tbe forcgoing direct
determinaùon of ftr. In orhers where one or other
may result in the formation with a rate constanl
difrering from /ti of a product aÌso absorbing at I,,
it is necessary to conven e; into OH by means of
reaction (3) ehapter ll, and tò take into accoùnt the
reactivity of H, the concentration of which then
amounls to onìy l0 percent of that of OH.

An experimental condirion which has occasionally
been overlooked in such rate constant determina-
tions and which can result in small, but significanr
errors, is the nonuniformity of the radiation flux
throughout the cell volume. A variation of the initial

along the parh of
[, 2] upon rate
and only a small
reactions. Varia-

tion acr tion of the
electron gles, has a
small e and mav
have a order con-
stants! as bas been indicated with numerical
examples [,2].

A considersble nrrmber of absoìute rare con3tant.
for reactions such as addition to aromaùc molecules.

ods. Wirh proper attention to the experimental
conditions end care in analysis of the deta, absolute
rale conslants have been obtained with an uncer-
tainty as low as I l0 percent in the accuracy,
which represents very nearly rhe best attainable.(ó)



Direct Observation of the Hydroxyl
Radical Disappearance

This method, which is, in principle, the most
desirable one, has proved feasible [3-5] for only
t\{o reactions! the recombination, reaction (2), and
the reaction with moìecular hydrogen. As will be
seen in chapter IV, a weak optical absorption at
wavelengths below 280 nm, seen in irradiated r^,ater
under appropriate conditions, is thought to be that
of the hydroxyl radical. By mooitoring this absorp-
tion in the presence of a sumcient concentration of
hydrogen, an approximate value for the rate con-
slant of the reaction

6111fi,: fl,O* H (7)

known more accurately from other methods, was
determined. In this case for the condition [Hz]o]
[OHì0, the integrated form of the differential rate
equation, in lerms of the optical density of OH, is

log D 1- log D6= - O.^U3kit. (8)

/r7 may then be obtained absolutely from the slope
of the strÀight line resulting from a plot of log D,

appearance of OH, in terms of its optical density,
would be:

/ tt^ \l/D,-l/Do=t- ),. 19)

where ef;n is the nolar extinction coemcienr of the
hydroxyì radlcal at the wavelenglh, À, of observa-
tion. €aH mat'be determined provided the dose is

knorrn, since the yields of OH and of e;o are
accurately known, The absolure value for *2 mav
then be derermined from the sìope of a straight line
plot of ì/D1 versus lime, Since there is some con-
tribution from the reaction

0H + H: Hz0, (10)

this n'as taken into account in evaluating /rr.
The limitation on the application of this rnethod

srem$ from rhe facr rhar the absorption of OH is
very weak and is in a region of lhe spectrum in
which most solutes ag well as HOz, an intermediate
formed in the radiolysis, absorb rather strongly.

Competition Kinetic Measuremenls
Here only a relative rate constant can be

determined.

Stationary Stsae SyEtemr

Whilc it is truc that thc pulsc radiolysis tcchniquc
has provided most of the accurate OH-rate data

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 sludy of th€ stationary-state radiolysis of
aqueous solutions, In such systems, irradiated at
the dose rates available with coDveDlional x- or
7-ray sources, the duration of the irradiation is
many orders of rnagnitude greater than the lifetime
of the OH radical formed under lhese conditions.
Consequentìy, rhroughout the course of the radioly-
sis, this species is present at a constant, but ex_
tremely Iow, concentration, Its reactions cannoi be
observed directìy and the determination of the
reaction mechanisms depend entirely on the qualila-
tive and quanlitatiye estimation of rhe final, stable
reactron Products.

In aqueous solutions, therefore, the reactivity of
the OH radìcal must be obtained by anaìysis of the
yields and dist bution of these 6nal products. It
can only be expressed relative to some other
referenc€ rate constant which itself has to be
determined absolutely by some other melhod. The
reliability of rate data so determined is dependent,
therefore, on the accurate knorledge of the overaÌl
reaction mechanism. However, in spile of th€se
dificulties, usefuì rate data have been oblained from
stalionary state kinetic competition snalysis.

In púnciple, two general methods are employed
for the determination of a relative rale 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 rhe úeld of a stable product
which results from reaction of OH with the 6olute.
In the second, lhe competition is m€asured by the
effect of the additive on the rate of r€moval ol
modification of the oiginal solute.

The formic acid system f6] is an example of the
îormer method OH radicalc r€act viith thie solute
to form the carboxyl radical, COOH:

OH + HCOOH -..} H,O + COOH. (l l)

In the presence o[ feric ion, at low pH, carboxyl
radicals are oxidized to COz which can be collected
and measured after the radiolysis is complete:

cooH + F€3* __ co" 1 p"r* .'_ g_, (t2)

With a second solute present, rdhich reacts competi-
tivcly wiLL OH, the yield of COz wlll decrease.

If C(COr) is the radiation yield of carbon dioxide
resulting enlírely from reaction (12), then the effect
on this yield of an added solute is given by the
equauon:

where [X] is the conccntration of the added solute
and,lr' and /r,, are the resp€ctive rate constants for
reaction of OH with each solute. The relative rate
cuu5tdlt rdriu.Àr/rt11 is ul.rrairrcr.l fiorrr the rlata ex-
pressed graphically according to eq (13).

( l3)

l0



Examples of the second type of slationary state
cotnpetition systeE includes those in which the
highly-colored compound, paranirrosodimethyl-
aniline, PNDA [7], and the pyrimidine base, thymine
[8-10], ar€ used as reference eolutes.

The compound PNDA has an intense optical
absorption band with a maximum at 440 nm where
the molar extinction coefficient ís 3.42xl0aU-l
cm '. The reaction product of OH with PNDA,
be[eved ro be an adduct radical, has a rnuch 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 solutc which can compete effectively
for the OH radical, the extent of tìe bleaching is
reduced. Simple kinetic analysis of the data yields
the relative rale constant ratio for reactiori of OH
with the two solutes.

The thymine m€thod is similar in principle to
that employing PNDA as the reference golute. The
presence of rhe 5:6 double bond in rhis molecule
gives rise to a strong optical absorption band ìt
264 nm (e: ?.95 x I0rM-' cm-r). It is well es'
tsblished that OH radicals add to the 5:ó double
bond in thymine and, since this reaction destroys
the chromophore, reaction of OH can be followed by
direct measurernent of the radiation-induced bleach-
ing. Provided that the ultimate product of reacrion of
OH with a compctitive solute does not contribute
to the flnal absorption (or, if so, the extert of the
contribution must be known) the relaùive rate
constant for the .olute can be determined.

Although both these competition methods hsve
been used ertensively, their reliability depends
ultimately on thc validity of the overall mechanisme
assumed for the cornp€tition. Both solutes have
been used, however, as reference standards for
competition sludies in pulse radiolysis nrhere less
emphasis need be placed on knowledge of the
ur,v ull rlra,crio,l rncchunisrl. Tlús ig discr.rcscd larcr
in chapter XI.

Pulse Rediolyris Merhods

Several competition methods are available where
rhe pulse radiolysis rechnique is used for obtaining
relative OH rate data, ahhough, as before, the
r-a,liJity oî ultsolute rdle uorlslrrnrs dcrived frorn rhe
data depends upon the accuracy with which the
reactivity of OH with the reference eolute can be
determined,

As wtth fhe stationaÌy state 6ystems, two general
spectrophotomctric methods aîe available. In the
event that the reference solute hae suitabìe optical
absorption properties, lhe reaction of OH radicals
can be measured by observation of the bleachlng of
this absorption, The reaction of a competitive solute
is indicated by a reduction in the extent of the
bleaching, proúded the transient product has a
rveaker abgorption in the rel€vant region ol the
specuum. Altcrnatively, the reference solute may
react with OH to form a transient product with a
much etronger absorption than the stable solute.

192-021 0L ?3 !

In this case, provided the product of OH reaction
with the cornpetitive solute does not absorb strongly
in the sarne region, the competition is followed by
measurement of the suppression of tbe transient
absorption.

The comperition kjnetics 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 inadiated bv a short electron
pulse. The OH radicals then react with either solute
in proportion to lhe products of the concentlation
and rale constant of the respective reactions:

OH r A -aA absorbing product

OH + B -i5 nonabsorbing product.

If l" is the optical density of the absorbing product
when soìute B is absent and I is the optical density
when solute B is present, then it follows that

&- , * tslgL
A k.[cl

A plol oÎ AolA against the ralio of solute concentra-
tions is linear wjth the slope equal to ,lr6//to.

The rate constant tù can be derived, assuming
that the reference late constant, /to, can be meas-
ured directly.

The carbonate radical, CO!- was the first refer-
ence systcm used in pulse radiolysis for the deter.
minaúon of OH rate data [Il, l2l. The carbonate ion
reacts with OH Io form the transient radical. CO;,
which has an absorption maximum at 6O0 nm. Rea-c-
tion of OH úth a competitive solute suppresses this
absorption baDd. An advantage of this system is that
it can be used in aerated solution, although the draw-
becLr include the rether low extinction coeEcienr
(€500: 1.8 X l03M-t cm I) and the obvious restric-
rion to a.lkaline solutions.

Other systems were introduced in which the
extinctioD cosmcioÌt of ùe rsferenoo rbeorption
band is much higher. These include tbe halide and
pseudohalide rsdicaìs, It [a], and (CNS[ [2],
r^'hich have absorption maxima at 390 nm and
,lg0 nm rcspcctiycly. Thc scnous disadvantagc
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
pírccss, fn rhe rhiocyaíate system, for example,
the absorbing radical, (CNS);, is formed ac.
cording to

oHl cNS- ,CNS, (r5)

CNS+ CNS. = CNS,-. IIó)

It has been shown Ìl3l that reaction (Ió) i6 somewhat
slowet than reaction (15ì and is thus rate deter-
mining Since the measured rate constant (ó.ó X l0e
M-t s-r) for the formation of the absorotion refers

1t



to reaction (ló), rate constants for other solutes
measured by competition using this value are too
low. Nevertheless, as will be discussed later, the
large amount of pubìished rate daia for this system
can be successfully normalized by arbitrary fitting
with apparent self.consistency. Added kinetic
complications x'hich would arise if competition
reactions oî the uncomplexed CNS radical were
to occur, seem to be unimportant in this system.

In similar competitioD sîudies whele the Brt
absotptior. formed from OH oxidation of bromide
ions is used as the reference absorDtion. these
complications are probably present nil. The com-
petìtjon betvreen carbonate and bromìde ions for
OiI can be followed either by monitoring the CO;
absorption or that due to Br;. In either case, the
rate coDstant for reaction of OH with Br- was found
to be l.8x 103 rlt-r s-'. However, the value ob-
tained {rorn direct obeervation of Brc 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 absorbing reference solute, have been used-
fairl e and paraniro-
sodi originally under
stea adapted for use
in As discussed
previously, the validity of the stationary state
experiments depends on the vaìidity of the reaction
mechanism assurned. However, in pulse radiolysis,
.ince the competitióh is {clow€A by direa obeewa.
tion of the extent of reaction between OH and the
reference solut€. subseouent radical reactions
which could complicate ihe overaLi mechanism,
become irrelevanL.

A pulse radiolysis refeÌeDce sl'stem wluch has
much to con!:rend it, is that in.'hich ie=ocyanide
ir;r is trsed as tl-.e:efe:eD.e soiute l-1.. i5l, The
i.r- ;< .. i; -.J h* î:i ".:i; - .--.; .:,'-,','rt'."1* i-
lne s:;plP. c',e-eiec:r^!i :r'ansieF reaatior:

OÌ-l -- [Fe(Ci',i)5]a- --+ OH- + [Fe(CIrt)a]3-. (17)

The proCuct. ierrrcyanide toÈ, is sieble and has a
characteiislic ebsorption bend with a maxinum at
410 nm (€4'0:100C /d-t cm-r). Fu*her. it can be
used over the
produced by
solute may, i
ferricyanide ion formed in (I7) at the radiation
doses which may be used in this technique, the
rate of such reactions are still too slow to prevent
accurate measur€m€nt of the initial values of the
absorption.

Intermlttenr Irradlarlon
Intermittent irradiation [6] may be employed

with application of the rorating secror method [17].
An absoìute value for Àr and a value for È, relativè
to À7 have been determined by this method. The
intermittency was provided by a pulsed, 1.5 MeV
Vao de Graaff accelerator. wittr variable pulse
length and variabìe frequency (although the ófr/on

ratio was fixed at 7.5) with the period for a cycÌe
variable from l0-5 to 5 s. The product, of which
the yield wes measured, w&s hydrogen peroide at
steady state, [HzOr]*, using intermittent iqadia-
tion and with a steady besm, [HrOr]r. Data were
presented of [HrOr]l[{zor]6 as a functign of î.
the pulse duration. With e risetime of I r.s the pulse
has a square waveform which simplifies the inler-
pretation of rotating sectot data.

A modification of the kinetic analysis normally
used in the rotating sector method (in rdhich product
formation rate is proportiorls] to the average con-
centraúon of the rate controlling transient) was
n€ce66ary, sirce the concentration of measurable
products here is at steady state. The analysis in'
volves the overa]l nechanism for the water radiol-
ysis. The €xperimcntal quantity, [HrOr]*/ [HrOt]b,
is a complex function of (a) t and the off/on ratio,
(b) the beam inrenrity, (c) the relative rete and,
hence, rate conslants of the individual reactions,
(d) the ratio [Or]/[HrOr] under steady beam
conditions and, (e) the yield of OH and of Hz. The
function is solved by triaì and ertor by firting to a
cune of HzOz*/ [HzOz]r versue kzlHzOzl,o r
from which the value for lz is found. Notwith-
standing the complexity of the function used, the
uncertaihty in lz is only = l0 perc€rt. Since
kr/È| is aìso obtained in this erperiment, a relative
value for the recombin&tion rate constant i9 de.
termined. The reader is referred to the original
papcrs for thc dctailcd ;ntciprctation of rhc data
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Chapter IV. Phyeical Properties and Chenrical Equilihriwn

Those physical properties of the hydroxyì
radical in water which pertain rnost directly to its
chemical reactiviry are the pK for its ionic dissoci-
ation, which has been accurately determined, and
its difrusion coefrcient, which has been estimated.
Severaì other propelties, such as the optical
absorption spectrum, cleclron paramagnelic reso-
nance absorption spectrum, and elecrron affinity
which are also known, are given here.

The hydroxyl radical is a neutral free redical.
The determination that it bears zero charge when

suDpons the conclusion that ir is formed in water'
but to the best of our knowledge. the ESR spcctrum
has not been observed in rhe liquid phaae, very
IiLcly because of the lov steady st.r€ conc€nrtation

5.8 eV.
Thc hydrur,yt rarliuél lrchuvcs likc u wcuk ueirl,

undergoing ionic dissociation in strongly basic
solution:

OH+ OH- =O- + H,O. 0)

The pK for this equ nce

O-, tire basic form of bits
suÉstantially difrerent the

more famil-iar form, OH, we may expect the apparent
reactivity of the hydroxyl radical to sh,rw a marked
pH-dependence in the region of pH from about
10.5 ro 13.

This difference in reactivity was, in fact, used
[0] to determine the pK in the fol.loving raay. The
reacúvity of OH wirh ferrocyanide is much greater
that that of O-.

OH+ [Fe(CN)"]t-: OH- + [Fe(CN.ì6]3 , (2)

H"O
o-+ [Fe(cN)"].- : 2 oH-+ [Fe(CN)e]3-. (3)

This rate of formation of ferricyanide ion was ob-
served by pulse radiolysis ss a functjotr of pH in
the appropriÀte range. With ,/r, > k3, the foUoqring
equation holds:

loe (kzlk- l\: PH- PK (4)

where * is lhe apparent rale constant for reaction
of both OH and O-. The data gave pK - I 1.910.2'
This was also confrrmed in lster €xPerimeDts in
which the reactivity of hydroxyl with carbonate
ion $as studied [IIl, which gave pK:11.8t02
and with thiocianate ion [12] which gave
pK: I t.910.15.

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 al
such high pH.

The ieactions of OH and of O- are Ùsted in
separate chapters in this compendium. where the
diiference in ìeactivities mav be readi]v compared.
These differences iD reactivity with compounds such
as oxygen and aromatic molecuìes are so large as to
be qualitative.

Tire hvdroxvl redicat in weter epPeers ro show
a weak optical absorption in the far ultraviolet'
which has been recorded in pulse radiolysis
studies [3-15] In the gas phase, OH exhibirs a

scdc. oi fairly strons obsorP.ion bands [16] at
280 to 306 nm. In wster, a week absolption, which is
thousùt to be that of rhe hydroxyl radical, is seen.
startine at about 300 nm and increasing at shorter
*"'"I"ìreths tu 2OO tru, tL< IirrriL uf Iurasur crtrerrts

13



tlon was dilfuslon-conuolled and rhar rhe caralase
was stationary, with OH being the only diffusing
panner. With the reasonable approximation that
the surn of the radii of intcraction is eoual to the
molecular radius of the catalase molecuie, a value
of 2.3x10-! cm's-r at 25'C was estimated for
the diffusion coefficient. The assumption is also
inherent in taking the rate constant to be diffusion-
controlìed, that no factor of geometry is involved in
the value for the specifrc rate. If this were not the
case, the value determined would then represent a
lower limit for the diffusion coefficient of OH.

Table I summarizes these physical properties of
oH.

T/tce 1 Physical propeúies ol OH ín watel
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f .,s= 370 /tt-' .h-'
L .ts- S30 tt-' cn-t

I1.9 
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0.2
2.3x l0-5 cm, s I

Doublet
2eV
5.8 €V
0.44 eV
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htM) a-')

T^aLE 2. lldi iot rca..iotLt

Reactant

acetanùde

cc€loph€Done

acrylanidc

5.0 x loe

î+(65 to.?) x lor
a8 Y lor
5,2 x l0'

'5.4xl0r

(331o-ó) x ìor

(11310.8) x ì0'
{.? x l(P

.6.8 x loe

(6.910.9) x le

8.9 x 10,

8,9 x 10.

t.(ÌJ + 0.3) x r()l.
60x1('

44x lC

î'(7,tt l.l) x r(Jp

(6.? a0.?) x l0'

(47t0.0)x ltP

'(3J=0.8) x l(P

3.2 x 10,

5,0x l0

(43r0.5) x l('

(4.310.9) x l0'

t0.ót 1.9) x lO

({7r 0.9) x ìG

2.3 x t0

3.0x ìo
î'(47a0.6) x r(|

RT
t5

RT
RT

l8-25

20a3
RT
RT

l8-25

I

't

I

10.7

7

9

9

7

10.5

3

7

6-7

2.0-2.2

ncut.

9

9
7

t?l

t8l
!71

Il?l
It7]

[10]

I ]
[17]
lt Tl

ll0lt0.7

S irÀd. witù PND^

PR prod. forn
S inad. wirh PNDA
PR camp. with ferfocy8n
PR prod. form.

S irlrd. '.Co. form.
fmm benzoic àcid

PR comp. wnh OH + CNS-

PR comp. wilh fcnocyan
PR prod. form.

S inad. ''COr form.
frorn benzoic rcid

S imd. Yiù PNDA

S in.d. wirh PNDA

PR pmd. form.
S irlld. with PNDA

S in.d. with PNDA

PR prod. form.
S i]r!d. t'CO,

form. fron bcnzoic acid

S inad. ''COz
forh. fron bcnroic acid

PR prod. fonn.

PR comp. uith I; form.

PR colnp. wiih OH+CNS-

PR comp. *iù thyminc

PR prod form.

PR comp. with PIEA- ion

PR prod. fonn.

S irrad. with PNDA

S inad vith PNDA
PR prod. form.

Comm€nr.

RcL to 4-o'r . E{DA: I.25 x Ì0ro

Abaolurt. NrO addcd H-con.
R€L to lo|t*prì^= I.25x 10'o

R.l. ro *ox*É**. = 9.3 x lo'.
Absolute. NzO addcd

ReL to loxrh-L= 5.6 x l0l
wiù rltio=0 59, €; sc.v.

by Or
ReL to È$ú,.i: l.l x l0ú
R€L to lo,r+rmú -9.3 x l0'
Absolure. NrO addcd

RcI ro ton*hd= 5.6 x l0'
wirh trtio= t.z4r .-. cc.r.

by Or
Rcl. to *oH.pìID.:1.25 x l0ro

R€I. to to"**^ = ì.25 x ìo'o

Absolutc. N'O addcd. H-corr'
ReL to loÍ+FxDA- 1.25 x l0ro

ReL to lo"*oo.: 1.25 x 1g'c

Abrolutc. NrO addcd. H-corr,
Rcl. to loB*b"-r= 5.ó x 10.

sirh rstio: t.2. .;. !crv-
bY ot

RcL to *or*b-k- 4.3 x l0r

Abrolutc. No H-rcrr. uscd,
.. conc. H-addir.

ReL to l,og+l whh raúo=
0-31, bur doubúu! siDc.
l* l- rnay bc ratc
linirin&

ReL to tiLyri = l.l x ì0ú
witl ratio:0.45

Rcl. to lo|l+'r,.ft:4.? x lO
wilh rslio= L02

Absolutc. No H-rcav. uscd,
but may be tracc 01 prcsent.

Rcl. ro ,to *PîIBA=2.óx l0
.; .cmov.d by .cav.

Abrolutc- No H-scav. uscd,
hnr h.y h. 'r... al n'..énl

ReL to lo,'*oo :1.51 16'o
or lon + c,,r,oH: 1.85 x l0r

RcL ro lon+m^:1.25 x l0'
Absolutc- NrO addcd H-corr.

9

925

t?l

t7l,ry,,rydm€thtl
!niline

bcnremidc

bcnrcnc

bcazcnc.4

bcnz,cnc'au.f,onemidc

bcnzanc-lulfonltc ion

RT
25

25

RT
l8-25

l8-25

RT

RT

RT

RT

2i

RT

t8l
t7l

t7l

t8l
h0l

lt0l

[12]

ttsl

ll4l

I l5l

tr1

llól

trl

t7l

t?l
t8l

t7
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^Br.E 

2. Adàirion rcacrio'Lr-Continued

p-altlinobe.zortG ion

n-hrnmóh.nrnat. ior

p-chÌorcbcnzoa!. ion

p'f,uorob.nzoatc ion

p-hydror y-b€uzoar€

Rcactant

p.mcthylbcnzoètc
(4roÌua.c ion)

p.nhrcbcr4ue lon

bcnzoic acid

bcDurnitdlc

4.2 x ì(p
f.(ó.0a0.7) x t(P
t'(5.7 

=0.2) 
x lO

5.5 x t0
5.4 x l0r

?.9 x lú

3_l x t(|

î'(5.010.8) x I(P
3.2x I0

3.S x t@

.(9+2)xt('
5.4 x tO

5.0x t0

4.4 x t@

112.0=ù{)^ re
2.0 x l(r

t 14.3 ::t o.q x re
.(2.1a 0.3) x lc

(5.611.1) x l0

f 14.910.ó) x t(P
3.3 x ì0

3.6 x lO
r8.5xto

S inad. wirh PNDA
PR prod. form.
PR prod. form.

PR conp. rvith OH+ CNS-
PR cdDD. Dnh f.rrocvan.

S irrnd. wiù PNDA

S ir.d ei'h PìInA

PR prod. forrn.
S irrad. with PNDA

S irÀd. wiù PNDA

PR prod. form.
S inEd. ìrith PNDA

S irred. wnh PNDA

S inrd. *ith PNDA

Pn proal. forriL
S inid. with PNDA

PR prod. forn.
PR prod. form-

S irîrd. r'Cot foín. fron
bcn2oic acid.

PR prod- forn.
S inad. '.COr forrn. fmra

b€nzoic acid

S ilrld. Yi.h PNDA
PR ptod. forn.

PR prod. form.

Phot. HrOr aol.

Fchton'r r€agcdt comp.

PR prod. forrn.

Commcmr

Rel. !o Àor*P}lDÀ - 1.25 x l0!o
Absolute NrO added. H-con.
Abrolutc. NrO added. No H-

R€Ì. to llL,ù.- l l x l0ro
R.l. t. l-or,,.*- =9 3 x llP

Rel to IoB+'NDr = I 25 x l0ro

R.l ro lon-,É^ -l l9 Y lo'o

Ab.olurc. NrO add€d. H-corr.
ReL to l-o"*oo^ = 1.25 Y 16to

Rcl. to lo"*""n^ : ; 251 16'o

Absolute. NrO eddcd H'corr
ReL to Èo'oo^ - 1.25 x 16'o

Rèl. ro *o|l*NDA = 1.25 x t0,o

Rcl. ro 4oH+piD^ = 1.25 x l0'o

^bsolut€. 
NtO addcd. tl-corr.

R€l. to &oH*prD^ :1.25 x l0'o

Absolutc. N1O added. H'con.
A.bsloutc. No. H-scrv. used .

conc. H.addit.
Rcl. to &oH+b-E = 5.6 x Ìd

with rdio- 1.0. ?.q scav-
by o?

Absolutc. NrO'addcd- H.corr
Rcl. to *okbg-! - 5.6 x 10.

with ratio:0 59, ci scav.
bvG

Rcl. ro loNr*pm^ = 1.25 x l0'ù
Absolutc. NrO addcd. No con.

H.rtom

Absolurc. NrO'rddcd. H-con.

Rcì. to *o"*",o.= 4.5 Y 16'
RcL to &oH...k = 3.3 x 103

wilh r.tio-2.14

Absencc of tran.ient prod. i€t!
li[|it

Rcl. ro *ar-b""".,.= 5.ó x t(P
sirh rerio- I.l, €;c scav by Or

Rcl. to ,on * rit^ : 2. ó x l0' ,;"
removed by scav H abstrac.
ri.n àmoúnt. ró 30 n.r.Pnr

25

RT
RÎ

RT
RT

25

,s

RT

RT
25

25

25

RT
25

l8-25

RT
t8-25

25

RT

RT

25

20-

RT

r8-25

RT

9
6-9.4

6-7

9

I

6-9.4
9

9

?

9

9

o-9-4
9

I
3

3

t0.?

9
ó.3

7

I

10.?

t7l

t6l
t?l

t3j
u2l

[10]

t8l
[10]

171

[3e]

t8l

[18]
Ire]

[20]

rr01

Iló]

t?l
t8l

0?l

It4]
t r7]

t?l

t7l

t8l
t?l

t7l

t8l
t?)

t7lp-mcthory-bcnzo.tc
ioD (6dsat€ ion)

bcnzyì alcohol

carbon òonde

I 3.cycloheradicne

'(8.4at.2) x l$

5 4x I03
?.1x lm

<10

16.2r0.7) x ì$

f(9.812.5) x lt,

S ir'ad.'.CO' form.
from bcnzoic rcid
PR coarp. witb PNBA

l8



diDcthybuÍoridc

dincthylthio€thcr

diorrnc

alylcnc

phénol)

riuoncthrrc ùion

nctùylanilinc

Rcecunt

î8Lî 2. ,aàitìti.À M.ria" - Có'.ln..d

Xn-r. r) Î(qc )

t(7.?+ 1.9) x r0. RT

Èo'''tn nrt

Rcl. to ÀoE-r'|À=2 6x l(P 
"-rcnovcd by scev. H.abrtnc-

rion lmoìrnr. ro 45 pcrc.nr

R.I ro,toBmr-:2.6x lÉ
!; flnor.à by ecav.

Rcl. to qi;D - Ll x l0ro

Pn co.np. with PNBA- loD

PR conp. úrh PNBA- ioo

7

2.O-2.2

.rd
rcid

IJ

tlól

It6]

t20j

t2ol

tt3j

tlsl

[2U

lzl
t231

(8.1a2,2) x ro

?.1x t(I.

8.?x ltr

2.axlú

t.?x l0

).lx t{t

RT

RT

PR cotnp. úrh OH + CNS

PR conp. úrh OH r ; Rcl. ro S; - 1 ; 1 lsro

Rî

RTI 13.|1 0.6) x l0

2-l x lo"

t +(3:È 0.4) x l('
3.{x l().
2.2xll,I

f .(4.7É 0.5) x l{t
<rxtc

t.{1.5=ì.5)xle

t.9x l0,o

t.2tx 10tr

.1.8x 10,.

t'r.25x 10,.

9.lx l(P

22-25

RÎ

tlil

t81
t?l
(rol

l24l

t2sl

t)

l27l

tn|

fnl

tl0l

o-?

9
ro.t

ì

9

9

t8-25 t0.7

19



Î r,!rE 2. Addi.ioL tcÉtrloÀ! - ContiBucd

Relctent k(M-t.a) î('qc) PH Bcf. M.thod Commcnt!

phcnol

p.phcEylacctsrc (2-

phenylcthanoate)

phcnylaccrrtc

ph.EylÀydtorylGiro

pyridinc

pyridinium ion

2 2'dipyridyl

4.4 ''òpyÌid yl

.alicylat€ ion

Î'(1.4a0.3)x r0'o

8.óx 10,

ó.0x l{P

l.8x l0'o

îrO.9a l.l) x lol
4.4 x l(P

5.0 x 10.

'1.t.5 x toú

2.0 x t(}0

(3.1 r0.6) x ld
+1.8 x t@

(3.4=0.ó)xl0'

.6.2\ te

5.3 x l0

5,6 x t0,

î.1.2 x too
(2.0+ 0.2) x 10.
P.4aOl) x l0

3.2 x top

'(3.010.7) x l(F

l9-23

25

t8-%

Rt

RT
25

25

RT

RT

Rî
2l

RT

2l

l8-25

RT
RT

22-25

25

25

2l

7.+1.7

9

6-A
9

9

3.7-11.5

1

I

9.3

9.3

Ì0. ?

?

7

9

t4l

t?1

tt01

lrll

t8l
t?l

t?l

[30]

f30l

[31]
t331

[31]

[33]

t331

tr0l

t32l
t32l
f2?l

f4

tl21

PR prod. form.

S inad. with PNDA
S irrad. 'rCO: form. fron

benzoic acid

PR comp. wnh OH+CNS-

PR prod. form.
S irrad. with PNDA

S irsd. wirh PNDA

PR c.nlp. úth OH+CNS

PR comp. wirh OH+CNS-
PR prod" forru

PR comp. wirh OH+CNS-

PR pod. forrn

PR prod. fornr-

S irrad. '4COr forrn. from
bcDftic icid

PR prod. forn
PR comp wirh OH+CNS-
S il.rd. vith PNDA

S lÌr.d, wth PNDA

PR prod- forrn-

Abeolutc. NrO added. No con.
for H.addit.

Rct. to Àotr+prD^ - 1.25 x )oto
R.l. to Ìor*ù-r =5.6x 10.

rvith ratio= 1.08, .; Écrv.

bv Or

Rcì. to À1;l;,," = 1.1116t0
úth rrtio= 1.6

Abrolurc. NrO addcd. H.con.
Rel. lo ,toB+PxD^- 1.25 x l0ro

R€L to lor+F,D^- 1.25 x l(}o

^L.olutè 
N"O oddcd. No. !l

Rc.l ro *frL,ù : l.l x l0o

RcL to Àfi|;.D-l.l x l0,o
Abrolute. NrO addcd, No H.

RcL to lfrL,ú. - l.l x l0ro

Abgolutc. Nro addcd- No. H-

Ablolulc. N:O addcd- No H-

RcL to &oH*h.D.h=5.6x l0
with ratio-1.0,.;,, scsv.

bvG
Abrolutc. Nro addcd- H.con.
RcI ro [5];".".-1.1v 1g,o

RcI to 6,{*,ìDA= 1.25 x loto

RcI rd to'r+t'l|DF l.2t x lO'

Abrolurc- No H.rcav. uscd. ..
conc H-rddit

n
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Chapter Vl. Hydrogen Abetraction Reactions
Fulìy saturated organic compounds and many available reaction sites, it is not surprising rhat the

unsaturated molecuìes such as aldehydes and Ìate constants are lower than those for ùe corr..
ketones react with hydroxyl radicals by simple sponding alcohols. Formic acid is an exceptjon since
hydrogen abslraction lo iorm $,ater aDd a carbon an c.hydrogen is available in this molecuìe and ìs,radical therefoie, Àore reactive than acetic acid. Substitu-

RH + OH: R . -! H,O (l .) tion of an OH $oup in rhe o.position has a marked
effect on reacrivity due to the effect on the electlon

the possibility exisrs rhar density at this site. Lactic acid is about 20-25 times
of riaction involves, in! lhan acetic acid.

to for,n a cationic species this position is

onates 
boxylic esters (ta

RH * OH _ RH{ _ OH 12\ av 
where multiple 

, ;c

RH. = R .+ H. {3) 5i ln:
Since OH is a strong elecllophile, rare constanls for ho can
hydrogen abstraction are, in general, panicularlv De. , vPn

sénsitive to the inguence óf ira-r"ti"" Lti""i"-i, t-t l ester,group, the rare consranrs jncrease with chain
srrucrure. In .aaiti"" i" "f""ì. ."'th;;;;;;li;;;ì length in rhe acid srem. e.g buryrate >.propionare >
úon .ure, iu"h 

"frì"i" i"n"-"*.'it . 
""ir"i 

.ii. 'of acerate. As has been poinred out [Jl erhyl lbrmale is

it i. i"-*ttì iù""- aÌ exceprion ro the trend,. ah hough, in- rhis insr ance.
t;i;;i;; ;i;;h;i. the rea-crititv is increased considerablv bv the pres'o 

ence ot the c-hydrogen 
"r.-. foi rtJ "r't.rri".alcohols, the rate tates, the rate constants also increase with chain

constants increase progressively from 8 x ttrM-,s-i lenglh, the value for the n'propyl derivative is an
for methanol ro abour 5_ó x lgs-for alcohols conrain_ orrJer of magritude gtearer rhan that for methyl
ing five or more r^arhon ntnm< Thi< lq er vahrc acetate.
pròbably represents a diffusior,.conrroU"d il.it foi Electrophilic attack by OH on the- carbonyl grogp
reactions of rhese complunds. The trend undoulì- is most unlikely in these esters. Although it is difr.
edly illustrates ihe effect of the inductive efrect of cult Io draw definite conclusions as to the site of

attack. the apparent efiect on the rate constants of
the chain le4gths of both the acid and the ester
stems sug8ests that both regions of the molecules
are reaction sites. This aspect has been discussed in
more detail elsewhere [3].

In the erhers lrableii. where the results of sev-
eral determinations are available, the agreement ts
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 reacÌions of OH with miscella
neous carbonyl compounds are given in table 8.
Undersrandably, acetone is the ketone for which
the most data are available. The agreément betwecn
the values obtaìned by relative methods using 6ve

reacrivities ar" gcncrolly lowcr rhan thosc for tlrc difrcrcnr rcfcrcncc solutioDs is ,:l"a'ly 
"^ccU"r,r,al-cohols- Further, there is a pronounced efrect of the overall spread betÍeen the separate mean values

pH on the -rale constants, the values for the anions being less tiran l0 percent. As is the case with the
being usually grealer than those for the unionized alcoÈok and esters, the increasing influence of the
structtùcs. tltifl ÍcsonafÌce In up ls agaln evtdenrstabilizatio would tend ro in Éowenàr, the nalue
hinder OH f, therefore, the fn y low, since rhe
B, or rnor were the only in Íylerhyl kerone rs
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much greater than that obgerved in the correspond-
ing alcohoìs. This may be due to the greater inlîu-
ence in acetone of keto-enol tautomerization.

A.ldehydes appear to be rnore reaciive, as mighl
be erpected, since, in solutions, these compounds
have some gern-diol character which should increase
the electron availabiìity at the d-carbon atom.

The efrect of miscellaneous substitutenk is
indicated in tsble 9.

Reactant

Table l0 contains rat€ data for miscellaneous
nitrogen compounds, Information on amino com-
pounds is scarcè. flonerer. there has been a syste-
matic study of aliphatic amides14], rvhich has shown
rhar, in general, these compounds are very reactive.
The compound, CITCO N(CIL)CH"CHTN(CIt)CO
CH3 has been isolated frorn irradiated acetamide
solution [4] showing that the principle site of OH
attack on this molecule occurs at an N.methyl group.

Comments

2.0

2.O

ó

?.0

9
9
6

ì0.5

6

2

2

2

3
5

6.6-t0.5
7

7

9
ì05

9

t3l
tsl
t6l
t?l
t8l
t8l
t8l
t3l
tel

lr0l
[ìt]
[12]
tól

[13]

t6l

t3l
t5l

u1l
l7l

h3l
It4]
Ils]
t3l

tlól
t8l
t8l
t8l

ll0l
tel

Itu
tl3l

t6l

Ir 7]

n?l

[ú]

u4l
04j
trl

tl0l
t6)

7.35 x t0
(7-6:! 0.5) x IO'
8.6 x l0r
4.7 x l0r

18.0 x ì o.
t8.3 x tu
t8-4 x I0
8.o2 x I('

t9x lG
18.6 x tm

l-(E x t0,
I.m x loe
8.6 x t0.
9.5x ì0.

4.2 x l0'

PR conp. with CNS-
S irrad. coop. with rhyurin.
S inad- conp. with Br-
PR comp. with I-
PR comp. with benzoatc
PR comp wirh phenylacétic àcid
PR conp. uith pNOl benzoate
PR conp. with CNS-
PR cof|p. wirh Cú+
PR comp. with ferro cyanide
S inad cornp. *nh PNDA
S irlad coÍrp. wirh PNDA
S inad. comp. úthBr-
S irad. conp. wirh bcnzoate

S iEad. comp. úth BR-

PR cohp. with CNS

S inad. comp. eith thymine
S irrad- corrp. wrth thyrnine
PR cohp. wìth I-
S irrad. cornp. with bcnraare
S. had. cohp. úth thlmine
S inad. coep. wirh fcrrocyln-
PRconp. wilh CNS-
PR comp. with H'ù
PR co|l!p. úth benzostc
PR comp. with phenylacctic acid
PR nonn wirh nNO. han"nrta
PR coEp. wirh ferrocyrn
PR cohp. wiih Cur*
S irrarl conp. withPNDA
S iF rl .óhn wirh h.h'ó2,.

S irrad. conp. with Br

s iE.d- ooDP. wiò PND^

S irrad corrp. vitl PNDA

S hrail. cuur!. -itL PNDA

S irrad. corDp. with thymine
S irfad- c-omp. úih thymin€
PR comp. vnth CNS_
PR comp. witl fcnocyan.
S inad. cornp. wìtì PNDA

R€I b,t"l -l.I /toro
Rd to /roÌ*'r,-'i.=4 t x l0
R€|. to *or+c,s,r'H=].85 x ltr
ReL to lo'*' = 1.621 16'o (unccnain)
RcLtolor*r@"=55a19
R.l. lo *o'*p^= ?.9 x'l0r
ReL to À*,nr^=2.61 160

R.l. lo È'L = l.l > l0ro
Rel. to ld+.,t+=3.5 x l0É

Rd to /bs{.-ùE:9 3 x I0
R.L rolo$+BD^:.1.25 x l0ro
Rd to lof,*ÀD^: l.:5 x l0'o
ReL to Ès', ú.."':1.951 1ge

Rel- to16'**.".-:5 61 16r

RcL toÀ6;*.,".o* : 1.95 1 1gr

R€L rot"L =ì.Ìx l0,o

Rel. to /161'**-,--: 4. 7 1 tg'
RcI toloù*ù,.r*:4,? x 10"
Rcl. ro *oH+r- = 1.02 x l0'o
ReL ro loE- ò.*. - 5.6 x 10,
RcL to*oH+,ùyhr*-4.? x l0'
R€L rolor*'.*"- -9 3 x 10,
R€L rotîr = l.t > to'o
Rcl. ro le"*no:4.5 y 1gu

Rcl tolo*+*@.È-5.6 x 10.
RcL tolofi*r"d a=7 9xloe
R.l r^ lo!, ts^:t 6x ìos
Rel. ro loH+6@y.,.:9 3xì0,
R.l. ro IoÍ+cr'+:3.5 x 10.
RcL to16"*oo^: 1-25 I 1gr
R.l t.4o,,_b-.E-5 rí Y tot

ReL to /cax*6,""":1 9511ge

R.r toÀJ6.1ùd - r.AS x ror

R€I toloH*c,r,oH:1.85 x 10.

n€l tu,l,os+cdroH r.oa, x rO"

Rel. to Èo*',.,*:4.7 1 1gr

RèI. ro lo|r+d,dE= 4.; x l0'
ncl rc efii;,G- r.l ^ ìo'"
RcL to loH+ntu,ù:9 3 x l0'
R€ì. ro *o{+c,Hsos: t 85 x l0'

l.ó4x 10.

cthanol dr

P-chloroctlanol

(1.75=0.15) x loe
(ì.?r 0.2) x l0r
7.2x to.
1.59 x l0'

(]-ssl0.2) x ì0r
l_15 x t(P
l.8x l0'
l.8x 10'

î1.73 x l0r
lì.tB x ìfr
rì 8t x ìt),

.85 x l(F
'11.8 x los
(ì.8e-0.1) x 10.
ì 54X ìOr

l.14x l0'

7.7 Y to.

9.2x t03

t.úa x Io.

(2.8 t 0.3) x loe
(2.6-0.3) x l0'

12.? x t0.
2.72 x lo.

23

T^arr, 3. lliphaic ahohok



Reactant

(1.821 0.15) x l0'
2.2 x l0r

(2.0:t0.2) x loe
(2.0 a 0.2) x roo

t.14x 10.
12 0t x l0'
(2.13r0.1) x ì0,
2.0 x t0'
t.84 x t0"

2

6

2

5

9

9

óaD isopropanol

n.butenol

1.44 x l0r

(4.0!0.4) x tos
(4.0=0.4) x 10,

14.0 x l0r
3.7 X l0l
3.7 x t00

n-amyl-alcohoì

,-amyl-slcohol

lJ.propancdiol

(3.3=0.3)xì0e
3.3 x loc

3.5 x l0

4_? x t0,

t.8x 10,

(4.5r0,5) x l0'
(4 8a0.5) x tor

5.2 x l0'

(5.4:t0.5) x l0'

(5.ó10.7) x t0r

t.97 x l0'

(1.5=0.15) x t0'
I l4x loe

f r.47 x t0,
l.5l x tos

(1.ót015) x ìor
1.58 x 10,

t68xtoe
l 6ó x ì0'

(2.3=0.25) x l0'
3.1 x l0'
2-4 x 10,

(ó.310.?) x td
t5.2 x t0.
4.2 x lS

2

5

9

;
9

2

7

9

2

7

9

9

9

2

5

2

2

2

7

2
6

7

9

2

ó
7

9

n hcptanol

dlyl'alcohol

ethyÌcn€ glycol

I 
^ELE 

3. Alrphotíc dkorrok - Conrhu€d

,r(M-, s !) L pH Method

trl
t6l

Ir4]
I14l
I7)

It0j
ltrl

tó1

[Ì8]

tól

S inrd- comp. wiih thymin.
S. inad. cornp. wnh Br-
S irrad. comp. úrh thyrnih€
S inad. cornp. vrith thymine
PR colhp. with I-
PR comp. úrh fenocyrn
S inad. cornp. with PNDA
S irrrd. cornp. with PNDA

PR comp. with CNS-

S irrad. cotnp. with Br-

tt4l
tr4l
[10]
[3]

[6]

[ì4]
t3l
tól

[14]
t3l
t6l

S irrÀd, comp. with thynine
S inad. comp. *ith rhymine
PR conp. with fenocyan.
PR comp. wlrh CNS

S irrad. conp. with PNDA

S irrld. comp. riirh thyrD;De

PR comp. uith CNS-

S iÌrrd. comp. with PNDA

S inad. conp. with thymin€
PR cornp. wit[ CNS-

S inad. comp. wirh PNDA

Ll4l
[]01
t3l
[ú]

tól

[ó]

tt4l
Ir4]

n4l

Ll4l

tl4l

t3l

tt4l
tól
t3l

It0]
tól

[14]
t6l
t3l
t6l

S irrad. comp. with thynine
PR cornp. rvith fcrrocyan-
PR comp. úrh CNS-
S nrarL uurnp. .iùr PNDA

S irrad. conp. wnh PNDA

S irrad. comp. with PNDA

S irrad. comp. wiù thyhinc
S ilrsd. colhp. wirh thymin€

S irrad. comp. wiù thyminc

S inad. comp. wirh thymine

S inad. cornp. with thymin.

PR colnp. Hith CNS-

S irrad. comp. with thynine
S irad. comp. with Br-
PR conrl wirh CNS-
PR comp. with ferlocyan.
S irlad. comp. with PNDA

S irrad. cornp. $irh thyminc
S irrad. comp. with Br-
PR conp. with CNS-

S irraò conp. witl| PNDA

zl

Cornments

Rcl. to *oH.6-l*:4.? x l0l
R€ì. to ÉoH+c?n!oÍ= 1.85 x l0r

Rcl. ro loH+ùd*- 4.? x l0r
Rcl. to IoB+iùrú'E:4.? x I0o

R.l. to tox*,-- 1.02 x 10'o

Rcl ro ,oH+n*,.. :9 3 x lot
R€|. to /.oH*RD^= t.25 x l0ro
R.l. ro kox+crHron: I 85 x 10'g

Rcl. to /i*L = l.l x l0ro

Rcl. to ÀoH*c,Hrox= 1.85 x l0r

Rcl. lo loH+iìrdD= 4.7 x l0r
R€!. lo *oH+'!,úrm:4.? x 10'|

Rcl. io Íox*r.**:9.3 x Ì0'
R€l.tok,."=ì.Ìxlol.
Rel. ro &oH+crHro'r: 1.85 x loe

Rd ro *ox+dù-b- 4 ? x ì0e
Rcl. ro,Ìr'r =l IxÌ0ro
RcL to *o +czBioÍ: ì.&5 x l0o

RcI ro *ofl*o!di.- 4.? x 10'
Rcl. io kll l.l x l0ro

ReÌ. to *ox+c.Hrox: I.85 x loe

RèI. to ioH+ùy!rÈ:4.? x l0'
RcL to lo"*n'*,- =9.3a 16e

RcL to l;l 
"...= 

1.1Y 16'o

R€L rd lox+cd.oH- r.a5 x lo.

ReL to lox*c,n,oB:1.85 x 10'g

RcL to /iorì+crflón= I.85 x l0'

Re-I. to ,tor+o,nr-:4.? x loc
Rel. to l6**u.--:4.7 I 16e

Rel. to 4oH+o,ydm:4.7 x loe

Rel. ro &o","-,- -4.7119e

Rel. to lox+ rhn'".: 4. ? x l0e

Rcl. ro t"L : l-l x l0,o

ReL ro aon*,r,*:4.7 x 10,
ReL to *oí+crH,oH:1.85x lot
Rel ro *S ,-=1.1 x l0ú
RcL to,Èon+f.Gyù.:9.3 x l0r
R€ì. to }or+c,H.o!:1.85 x 1o'.

R.l. to ÈoH+dìh,.:4.7 x loe
Rd to *os*ct'r,os: t.85 x ì0'
RcI. to È!L = Lt x to'o

RcL to lo**","-":1.95 v 16,



T^aLE 3. ,lliphoti4 dlroÀ"& - Continucd

Rcrct&t t(rt-r.-') PH Ref Method Commcnts

rÉ-proprnediol

ùerhylcne
glycol

elyccrol

Ì,lbubnÈdiol

2 J.bùlan"-diol

r ,ebutancliol

€rythnroì

Fnraerylhfilol

ribore

U-8luco!c

ascorbic acid

2.9x tj
2.4xtv

2.0 x l{r

(1.ó4a0. 16) x
1.59x loe

î1.9 x 10.
2.04 x l0r
1.85 x t0'

2.2 x t0.
2.3 x 10,

L:t5 X tU'

10,

3-2 x I0r
A.ox lO'

2.0 x l0l

3.2 x l0'

2.1 x loe

( r.9 
= u. r5)

1.2 x 16to

10,

2.4 x 10.

ó

9

2

7

9
9

7

9

7

7

I

9

9

z

I

t6l
t6l

Ió1

ll4l
ts1

Ir0]
Il]
t6ì

t3l
l6l

t3l

t3l
t6l

t6l

tól

tlel

Ir4]

t3l

ll4l

S irad. colnp. with Br-
S inarl conp. wirh PNDA

S irrad. comp. eith PND^

S iEad. comp. virh rhymine
PR comp. witt CNS-
PR comp- vith f.rrocyan
S inad. comp. rrith PNDA
S ilrad. cdmF vith PNDA

PR comp. with CNS-

S irrad, conp. witù PNDA

PR comp. wlrh CNS

PR comp. with CNS-

S innd. .ohp. -hÀ PNDr.

S irrad. comp with PNDA

S irrad. comp wirh PNDA

S irrad. comp wìth PNDA

S lrrad. comp. etrh rhynfr€

PR comp wirh CNS-

S irrod. c"mp. vith thymine

Rel. ro *08+c,Í,on= I &5 x l0'
R€I. to i.on+c'r,o$- I &5 x loe

Rel. to *or+c,H,oH= 1.85 x l0'

R€Ì. to,lo8+ùn'i.-4 ?X l0'
Rcl. to l'L = l.l x to'o
n€t r, *'jfii"':-,"" : e.3 x ro,
RcL to lo*'^o^= 1.25 Y 19to

Rel. t,r *,''r. (,ts.0,: l.&5 x I0'

Rcl ro *''*.".- l.l x l0'
R.l. k,1.H,,"r",,,r= 1.85 x l0'

Rel. x' À:i.r,à. - Ll x Ì0'"

R.l. rd tÈL = t.t x l0ro

R.l r^ Ì!,,, ,-,,,,.,,,= ì Rl x ì0,

R€L ro l,"r.c.H,Ò'l = l.&5 x l0r

Rel. r,' *,,x,c,r,,,,,: r.&i x l0'

Rel. t,r *u"r'"n.'= 1 25 1 16to

nrl ù, ilr'H+úsdF- tr.7 x 10.

R€I. kt /rtur.),..: l.l x l0r!

R.l. r{' *,)Hr,,dm= 4.? x t0r

î^r'-r.4. Saund,,.d olipharic a.idt - (Monobd.ticJ

Rcrctant

Fohic lcid

Reî

t71

t31

[11]

Mcthod

PR comp. with I-
PR conp. with CNS-
S inrd. conp. virh rhyninc

S inad. cornp. with iropropanol

PR conp. with l-
S inad. comp. wnh H:G
S irlld. comp. with thymine

S irrrd- cornp. with iropropanol
PR comp. with f€rro
S inad. comp. with PNDA
S ined. comp. with bcnzoarc
S irrad. comp. ìa,ith isoDroDanol

CommGnt!

RcL to tor*r :1.04 x l0'o
R.l.lolÈL =l.lxl0ro
Rcl to|6'*,",.,-= 4.7; 16r

(hr.ryoìltcd trùtrr pH currc)
Rcl. toln*, 

'r- 
2.6 v 16r

RcL to/ror., :l.0ex l0'o
RcL tofrH.r,o,:4.5 x t0'
Rcl. !otoH*'iy-'E- 4.? x l0l

{intcDol.ted fron pH cun€)
RcL tolo"*'"=2.9)< 16"
Rcl. ro*o"*n"*,." =9.3 v 19.
Rel. to 16'. oo^- 1.251 lgro
RcL to lox+r..*t :5.ó x 10.
Rcl. to Ii".F:2.0x l0'

L3ó x l0'
1.25 x tol
1.53 x l0r

I.2 x 103

2.45 x loe
4.2xta1
3.1x ta'

2.1x tal
î2.8 x 10,
4.0 x loi
35xrl.
r 2Yr0,

1.0

I

0.05tt
ESO.

7

10.?
tî

tml

t7l
t2ll
tl4l

tml
It0]
tl tl
tr3l
t201

26



T^BLÈ 1. Sdru.or.d ol;phltiî acidt - tMo^obdtic)- Continu€'l

MethodRetPH ConmcntsRcactrnt t(M-'!-t)

acid

chlorrcctic
acid

lùor-rc€lic

rcid

ecid

dirminc

!cid

ùimcrhyl
lceric
acid

proDionic

PmPiodc
rcid

pyruúc lcid

B.blomo
prcpionic

acid

a-cUoro-
propionic

P'chloro.
Pmpronrc
acid

2.3 x ì0'
'{9+0.+) x tO"

1.4 x l0?

2.0 x l0?
f 7x l0'

l'8.5 x to?

(8.810_5) x t0?
7.2 x tO1

6.2 x l0'

4.4x 107

4.3 x t0?

(7.0=0.?) x t0?

5.5 x l0?

3.0x l0?

6.0x 10.

l.l x l0'

3.5 x l(P

1.0

1.0

1.0

2

9
9
10.?

9

I
2

9

9

2

9

t3l
17l
[?]

[14]
001
tl0l

t l
t6l

ll3l

t6l

t3l
D1l
t6l

tó1

t6l

toI

lrel

PR cornp. with CNS-

PR di.appcùrD€è of OH .pcctrum
PR conp- eith I
S irred. comp, with lhyrhinc
PR comp. vrith fcnocyan.
PR prod. forn.

S irsd. comp. with PNDA
S irrad. comp. with PNDA
S irrrd. cornp. with bcnzlrlc

S irrad. comp. with PNDA

PR cornp. with CNS-

S i'!d. comp. 'nh rhyminc
S insd. cornp. wi.h PND^

S irrad. conp. eith PNDA

S iEsd. conp. wiù' PNDA

S imd. coDp. eith PNDA

S iÍrd. comp. with PNDA

RcL ro Èd : l t x l0,o

Rcl. !o to,.,- = 1.02 x loro

R€|. to *oH.o,ro'r- 4.7 x l0'
Rcl. ro Èor+r.Eyú :9.3 x l0l
Absolutc mcrlur€ment NrO

addcd No corr. for H

RcL !o /ro,*rsD4: I.25 x l0'o
Rcl. lo l|)ll,c,H,ox= 1.85 x I0r
Rcl. ro l-ox*r..-.-5.6x l0'

R€I. to lo|i.r,{,ots= 1.85x l0'

RGl. ro P'' -l.lx l0'o

Rcl. to *oH+Íì,il*- 4.7 x l0o
RcL to *m+c,!.r,o = 1.85 x l0'

Rcl. ro i.o!'+c,'i,oH- 1.85 x l0r

ReL to Èon. f,H,o'l: I.85 x 10'l

Rel. to1,,(,'r,os=1.85x 10"

Rcl. ro Èots.F.rD^- t.25 x l0o

1.4 x llP t6l S i'rad. conp. wirh PNDA R€L !o *d.,,$rH= 1.85 x I0r'

(4.ó10.5) x ì0.

7.9 x t0.

2.2xl0l

3.2 x 10'

2-3 x 10.

2-4 x l0'

3.2 x t0.

9

8.5

[14]

tól

It?]

Ire]

u7l

Ir?]

tlTl

S irad. colnP. wiù thyminc

S iÍ!d. comp. with PND^

S inad, comp, with PNDA

S iÍd. comp. eith PNDA

S inad. comD. vnh PNDA

S inad. cornp. úrh PNDA

S inad. cornD. wiù PNDA

Rcl. to toH-'r,Fiù= 4.7 x loe

Rel. |o Èo|{r,.fl,oH = L85 x l0l

Rel. to *oH,c,BéH- 1 85 x l(I

Rd. told + 
'r|D^ 

- 1.25 x l0r'

Rcl. to /ron+c,$.or= l-85 x l0r

Rel. ro *or+c.H,on= 1.85 x l0'

Rel. ro ios.c.H,otr:1.85 x l0r



Tllalx 4. Sotworcd dliDhati. daids- lMotbhLric)- Cohuhued

Rcectent L(M-'.-11 PH Rcf. Mcthod Comments

n.but)îic scid

i.o buryric ecid

cyclobutanc
carùorylic
!cid

bùtydc acid

P-.mi-do',r-
buryric rcid

7.s.rDino-tr-
buryric rcid

2-ncthyl

3-rncthyl
buryric acid

3'&dincthyl
burFic rcid

n.valcric acid

crborylic
acid

c.rborylic
rcid

(r.64a0.2)x10,
1,85 x 10,

1.26 x I0r

3.02 x I0'

(3.310.3) x r0r

(6.810.7) x l0'

(1.9 a 0.2) x l0'

2.4x l0r

2.2 \ t0.

l.óó x tor

2.9 x 10.

3.9 x l(P

4.0 x t0'

s.4 x 10.

9

9

2

2

2

9

9

9

9

9

lt4l
t61

tól

Ió]

I14]

u4l

tl4l

tól

t6l

tól

tó1

t6l

tól

t6l

S inid. comp. ith lhynine
S irrad. comp. with PNDA

S irrad. cornp. with PNDA

S ined. comp. with PNDA

S irrrd. comp, with thyminc

S inrd. comp. úth thyrnine

S inad. cornp. with thynine

S inad- comp. with PNDA

S irrrd. corop. vith PNDA

S irrad. comp. with PNDA

S irrd. cornp. with PNDA

S irnd. conp. with PNDA

S irrrd. conp. rith PNDA

S inad. conp. wiù PNDA

Rel. ro /.on+ù,n,* -- 4.7 x loe
Rcl. to *os*c.n,oH- l.&5 x 10'|

R€l. to kots*c,H.oH: 1.85 x l0'

R€I. ro toH*c,H oH= 1.85 x lo!

Rel. ro *oH+ù!-rm:4.? x l0r

Rcl. ro *or.'!-,-- 4.7 x l0r

Rcl. ro *oxr.r,-,-:4.7 x l0'

RcL ro lo|r*c,x"oH- 1.85 x lot

Rcl. ro À-o'r+c,x,oH= 1.85 x l0r

Rcl. to /ror+c,n.od: 1.85 x l0r

R.L to *ox+c,H,or: 1.85 x l0r

RcL ro tdl*c,ri.or: l-8S x l0r

Rcl. to l-o**..*.o: 1.95 Y 19'

RcL ro Èo{+c,H,q: 1.85 x lot

T^Br,E 5. Pobiali. and itdtot''coùotlí. d.i.Ar

Rcrctsnl

oroìic .cid

mdonic ecid

succinic acid

glutùic acid

ldipic lcid

(8=3) x lO.
I.ts x l0?

(8.1r 1.5) x t0.

( l.? t0.15) x l0'
3.0x lu
5J x l0?

(1.2=0.1)xl0r

(6.1-0.5) x 10.

(1.5a0.15) x 10,

S ifl|d. cornp. wiù t-hylninc
S irr d. comp. wirh mcthrnol end

ctbùol
S ilfrd. comp. úth PNDA

S ined. comp. wirh rhyrninc
PR conp. with CNS-

S ifrld. comp. rvirh PNDA

S irrad. comp. wirh thyminc

S. irîed. comp. with thyminc

S i'rsd. conp. vith thymib€

27

Commcntr

RcL to l"*,-.,*=4.7 1 16r

Rcl. ro lo'r + c.r.or - 1.85 x l0'

Rcl. to *rì+r'{D^:1.25 x l0'o

Rcl. to lo***.'*-4.7 Y 1gr
Il.l. ro lEr : l l x l0ú
Rel. to lor* 

^o^ 
- 1 .25 11 16to

Rel. tol.d*ù-r..=4.? x loe

Rcl. ro *ox*ò,.r-:4.7 x l0'

RcL to to'r + ,r,-'*: 4. ? x ì 0'

2
7

9

2
6-7

9

2

2

2

[14]
l22l

ltrl

lt4l
t3l
tól

u4l

u4l

[14]



Tt't,, E 5. Polybosi. aid furboty.coùorflic ocidr-Continucd

Rcactant t(lt-!.j) pH Mcthod Commcnts

unùic úid

tctnhydrory.
6ùccinic icid

pibclic acid

sub.ric acid

ar€hic lcid

.€brcic rcid

ciùic rcid

glycoùc acid

hctic rcid

(2.6a0.3) x 10.

(3.5r0.4) x ](F

(4.0ú0.5) x lO.

(4.? 10.5) x re

5xl0?
(4.7=0.3) x 16r'

(4È0.3) x l{).
?.2x tv

4.3 x l(P
(5.óÍ0.5) x l0

(47+OS)Yro.

(5.2=0.5) x l('
6.8x ItI

1.3 x l('

ó.Ox loP

2

2

I
2

9

9

t
2

2

2

9

I

I

tt4l

It1]

0{l

ll4r

t3ì
n4

tól

tól

04

04

{l4l
Ire]

t6l

S irrrd. comp. wjih rh)Ì nc

S irrrd. comD. tritù tÀybin.

S irrrd. comp. vith ùyrninc

S irr!ù c!mp. wiù rbymiDè

PR comp. wirh CNS-
S ùr.d, comp. with thyminc

S ind. comp. virh PNDA

S inrrl cornp. úrh PNDA

PR coop. with CNS-
S inrd. cohp. rdth thyg|inc

S iEd. @hp. *irh rhrhi,r€

S irnd comp. útL thybiÍc
S ind. carnp. wirh PNDA

S ill|d, conp. *iih PNDA

Ptì cohp rrlrh CNS-

ReL to los*o,n'- - 4.? x l{P

RcI ro 1""*.,-- = 4.7 1 16c

R€L to loH+tàydm-4.? x l(F

Rcl, to to'{+iùdÈ-4.? x le

RcL ro l;[^ = 1.1x 16r
RcL to loH+o,nìr,i-4.? x l0'

RcL ro loH+c,H5ox- 1.85 x t0.
Rcl ro lo*..,'-'- 1.651 16'

R.l. to 4Lù - r.l x l6'c
RcI o t6,.***= 4.7;< 16r

nÈL tv 
^oH+ùvda-4.? 

x lo,

ReL to lrr**--=4.7 y 16u

RcL to t6".""*= 1.25119'o

Rcl ro lofl+ci,ùoF= 1.85 x l0

l(Cl io 6;q-- l.l x l0,o

Tr,BtE 6. ,lliphati. caÌbotylic .st.tt

Rcrctùt h(N -'.-t) pH Rcf. Mcthod Corrmcnu

cthyl forh.tc

mcthyl lccl|tc

cthyl rcclat.

iloDropyl rc.trtc

n-Dropyl acctrtc

hctùyl propionrl.

c!ùYl DrcDion.t.

tnclhyl buty.te

dicthyl mdonetc

3.8x lO

t.3 x t0.
1.2 x l('
l.t x l().

(2.490.2) x l(}.
4.0x I(P

4.3 x tO.
4.5 x t0,

l.4x t().

4.5 x lol

8.7 x lO

l.?x l(I

l6vror

ó.5 x l0

?.8 !r lor

6-7

2

6-7
9

6-7

t7

6-7

G?

6-7

E7

6-7

6-7

61

t3l

t3l
t3l
tó1

Il{]
13I

t3l
t31

t3l

t3l

t31

t31

f31

t3l

f3l

PR conp. úrh CNS-

PR conp. uith CNS-
PR comp. eith CNS-
S irrrd. corhp. ú.h PNDA

S irr.d. comp. vilh lhyDinc
PR comp. *nh CNS-

PR conp. rith CNS-
PR cornp. with CNS-

PR comp. wirh CNS-

PR conp. whh CNS-

PR conD. vith CNS-

PR cornp. with CNS-

PR .ohp. sirh CNS_

PR comp. wìth CNS-

PR oohP, whh CNS-

R.L to 4L-- r.l x 10tr

RcL to 4;- - 1.1x 1s'o
Rd torfil r -r.r x lo.
Rd !o ldr.c.'i.ox - l, E6 x tgr

Rcl to *o"*od*-4.7 x loP
Rcl. to 4;- - 1.1 x 16ro

Rcì, to $l - = 1.1>116'o

R.L to 4l;,1 - l.l x lo'c

RcI to r;;- - 1.1 Y 16'c

RcL to *51;- = t.1 x lgro

R.l. ro rîiL-, - l.t x l0'o

Rct to lfil;- - l.r x r0ú

R.l ro lfiL.! =r r x loro

R.L ro l*l = l.l x l0''

R.L !o lfLoù. = r,r Y loro

28



T^aLE7. E,h.ts

Rerctant

diethyl .rhcr

Rcactanr

1J,5.úorrné

terrahydrofuran

2 3,61ri mcthyl
-l35.trioirnG
(piraldehydc)

dicthyl€n.glycol
diethylcthcr

Éthylen4lycol

dimethory.

3.9 x l0'
t.3ó x lll
(2.4a0J) x te
2.3x tO

I z.e , ro
I 1.74 x l0
| 

2.3s x t(}

I t.z+ r, try
1.85 x l(I

4.9 x lO

2.7 x tú

l.mx l('

3.2 x l(r

2.2x W

t-3 x l0

1.5ó x t0

Commentr

Rel. ro &ox.l- = 1.02 x l0ro
R€L to /ro +c,ÈroH= 1.85x l0'
ReL lo *ox+'rrdm= 4 ?x l0
R€Ì. to i.o'."= 2.0 x l('

ReL ro lon*'"=2.6a 16
Rel. ro *o"*'"-2.61 16r

Rel. to /.oH+F = Ì 02x l0'o

R€I. to lon+oyù-4.? x l0'
nel b tox+c,x.ox= t.85 x lor

Rcl. to to *c,È,o'{= l.&5 x loe

RcL io lorì clx5o'r: l.&5 x l0'

R.I. ro Èoi* ciB.or: l.g5 x l0r

R€Ì. to tós*c,È,o - 1,85 x l0r

Rel. to "*.",*o*-1.951 16r

R.l. ro ,(oÌr c,H,o'{= 1.85x 10'g

R.l. ro Ìolr. c,Hlon: ì.85 x tO'

Comm€nl3

9

2

0.05 M
H,SO.

7

-13

2

9

9

9

9

t?1

t6l
uq
I20l

[20]

t20l
t7l

04ì
tól

f6l

t6l

t6l

P comp. with F
S inad. comp. with PNDA
S illrd. comp. with thyminc
S inad. comp. with isopropanoÌ

S irrÀd. conp. wirh iropropanol
S ifrd. conp. with isopropanol
PR comp. with I-

S inad- conp- with thyrnine
S irred. comp. witl PNDA

S inrd. conp. u'irh PN'DA

S inad. co'np. wnh PNDA

S inad- cornp. with PNDA

S irrad- conp. with PNDA

S irrÀd- comp. vith PNDA

S irrad. comp. wnh PNDA

S irrad- cornF wjù PNDA

PR comp. wiù lLOr

S irrad. comp. with thyminc
PR corip. Yiù iodidc
PR comp. wirh CNS-
S ined. comp. úrh PNDA
PR comp. with ferrocvan
S irrad. conp. útb PNDA
S irred. cornp. with bcnzortc

PR comp *ith CNS-
PR comp. with CNS-

Rd.toÈoH+r,o,=4.5x1{I

Rel. ro 16,1*.-,".:4.7 1 162

ReL to ***-= 1.Y2; 16r
Rel. to iff-,* - 1.1;16ro
RcL to *ox+c,ftor : I .85 x 10.
Reì. ro le.b,- -9.3 x loP
Rcl. to t6"*oo^ - 1.25116t0
R€I. to lon+ù.ùù= 5.ó x le

Rd. to È;;u = Ll x l0ú
RtI to /r[];,- = 1.1 Y 16to

Rcl. lo ifil;q.! - r.I x I0'o

Rel. to *';[,.. = 1.1 1 16r

Rel- to ff[." =1.1;a 1s'o

R€I. to tffl;.. = l.l x r0ú

Rcl. to frL ,.. = 1.1 1 16'o

t6l

t6ì

t6]

forrnddehydc

diacctyl

butyrddchyde

mcrhylcthyl Lctorc

dicthyllcrone

PR comp. vrirh CNS-

PR comp. wirh CNS-

PR cornp. wirh CNS-

PR comp. with CNS-

PR comp. rlith CNS-Ecrhyl n-pÌopyl

to

T^aLE A. Caùonyl conpoLn^

-2x1(|

ó.6 x l0r
7.7 x l0l
9.? x l0?
?3 x lo?
Il x I0'
-?xl0'

ì4) x l0'

8.5x ltr
1.5 x 10,

l.? x td

3.5 x l0

9x l(].

1.35 x l0r

l.9x 10.

2

2

6-'l



T^Brr 9. Ssòsritùrrd lvdrocarbou

Rcrctanr /r( -'s ') pH Rcf Method Comments

chloroforn

diethoxyeth8ne

ùmethorycthane

2.4 x l0

t.2 x 1ff

t.4 x l0?

t.ó^ lq

1.55x te

5.7x lS

3.1x l0r
t*(8.5 ! r.5) t0r

t.2

9

9

9

9

9
10.5

tól

t25l

t6l

f61

Ió]

f6t

I61

t26Ì

S inad. cornp. wirh PNDA

S ilrad. conp. wfh formic ecid

S irrad. cornp. with PNDA

5 Ìlr3d. comp. whh PNDA

S inad. cornp. w th PNDA

S inad. comp. with PNDA

S ilrad. comp. with PNDA
PR prod. forn.

Rel. to ÀoH*crHloH = t.85 x lox

Rel. to *ots+È(oox:1.2 X l0r

R€ì. to Èor * c, sóo,, = I .85 x 10"

Rel ro lox+crxlo{= l.óJ x loe

Rcl. ro /roH*c,H.òÈ= 1.85 x 10'$

ReL ro *oE+c,Bóos:1.85 x l0r

RcL ro Èox + cr'rroù - 1.85 x 10.
Absoìute N.O addcd. no concct.

for H eddit

Tlttt lO. Nitrogcn compounds

Rcectrnt

nethylamin.

ethylcnediamine

scetamidc

acrylamide

lc€ronitril€

/V-m.thylformarìide

,ù-di methylacetamidc

,ry'm€ùyhcctarnid€

,ry-dirDèthylaceramid€

òmethvltcltamide

rim€thyhc€ramid€

N rnethyldirnerhyl

,ry.ln.ihlltrimethyl

I 9x ì0'
1.8 x l0r
2.4x}09
l- ì5 x l0'

1.0 x tG

-SYl@

t.9x l0
1-3 x 107

(3.3-0.8) x to.
(3.3!0.2) x r0,

3.5 x ltr

1.2 x ]e

1.7 x le

l.ó x l(P

3.5x tG

l.ó x lo

1.4 x tG

1.9 x l0

2.4x lG

S inad. comp- with PNDA
PR comp. witù CNS-
S iEad. coDp. wnh PNDA
PR conp. wirh CNS-

S inad. comp. rith isopmpanol

PR ooúp. with CNS-

PR cornp. witl CNS-
S irlad. comp- ú t PNDA

PR comp. wirh CNS.
S iftad- comp- rirh

S iÌrrd. conp. with PNDA

PR conp. vith CNS-

PR cornp. *ith CNS-

PR cornp. uith CNS-

PR comp. h.irh CNS-

PR cotnD, wirh CNS-

PR comp. with CNS-

PR conp. with CNS-

PR conp. lvith CNS-

Comrnents

Rcl. to l6a*6,;.6x: 1.85 x l(P
RcL ro lti vln:t rxlgto
Rd ro io|{.c,r.oH: ì.&5 x l$
Rcl. to {i;,." - l.ì x ì0ro

R€L !o Éos*r.o o*r-2.0 x Ì0'

R.I. to &vú- r.r Y loro

RcL to iif;N,- - t.1 x 16'o

RcI ro ion+ crxrox:1.85 x 10'.

RcL to IH;,& = ì.1 x l0'o

RcI ro fron+b."dc:5.6x l0'

ReL to loH+c,rsox - l-85 x l(P

ReL to 4l;,*:1.1 116"

RcL to 6;,-: 1.1 Y 16'

RcI to Àfl,- : 1.1 I 16to

R€l- lo lfi;,.*: l.l x l0r'

R€|. to *iL.- : l.r x l0ro

Rel. to ffi';,.. - I.l x l0ro

RcL to Sl;,.. = 1.; x 16'o

R€l to rf,,.. - l.l x l0ro

5

9

r0.?

9

5.5

5-6

lóel
l21l
tól
I27l

[2E]

f2el

l2el
tóì

t30l
u3l

tól

[2e]

t2el

f2el

t29ì

t4ì

f4l

t4l

t4)

30



T^BLÉ 10. 1v;tore^ coDpoe&-Continùcd

[ (M-t 3- )Rcacrant

X.dineùyl ùinethyl

,V'tert. butylac€trtnide

N.rnerbyì propionamide

4 0x ltt I4l PR comp vnh CNS-

PR conp. with CNS-

PR cornp. with CNS-

PR comp. \riù CNS-

Comments

'Rcl.brÌLnÈ:rlxr0o

Rel. ro 4l*,." : r.l x 10o

R€I. to lf;l;,.à : Ll x ]ore

R€I. to H-,.*- Ì.1 x l0ro

I

lr.rxÌo
l r.o ''t

t4)

i4l

[4]

5-ó

t.4 x td

ChaPter VI. References llaì Scholes, G., and Villaon, R L' Trus Faradav Soc 63'- 
2983 [96?).

tlsl Rab;,1. and Srcin, G. Îrans F$adav Soc. 58. 2ls0

116l H 962)'

Irî A

irsi c ':ri
Ed. R. F. G.'id (Ì%8).

n9l KÌ;ìi".-I.: ÓÀi'.iit'v "r tonizaúoa ard Ercitllion Ed'
''-' '-cl'ii.;. j"t'""" and G Scholes n 303 lrevlor and

(1%7).

3l



Chapter VII. Inorganic Electron Trenefer Regctions

This chapter lists rate constants for reaciions
inorganic com.

ions of this rype
OH to form rhe
g change in the

Mr+ +OH :ì,f(r+ ')- + Oll- 0)
or

ùtr- + oH= \r(,- ') 
_ _! oH _ 

Q)

Thr data in table I I are [sted according to the peri.
odlc '"tassihcation of rhe elements.

Ahhough H..:
cvidcnt il| thc
OH reactivities
that rhe reactio
transfer

H1+ OH: HrO* H. (3)

rarher than the formation of an intermediate lIÍ ion:

H,+OH:H'+OH- 
@)

BH; -t OH: BH, +OH- (5)

BHl:gg.** (6)

6-coordination complex of Pt tv. The injtial reaction
is no, electron transfer and involves addition of OH

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

OH+X:X.+OH-, el
x._îx-=4_. (s)
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measurcd in pulse rdielysis experiments by direct
obsenation of tùc rúc of formation of the complex
radical \- depend fc thcir validity on the aseump
tion that, in the oprall process, reaction (7) iE
rate-determining. Er@eriments have been carried
out [7] which Ehor that this assumption is no!
valid. Kinetic analysio of the reaction sequence in

the thiocyanste system indicated that the lltc
constant of reaction (7) is greater than that of re.
action (8). In view of the frequcncy with rhich
the CNS- system has been used as a reference sys-
tem in kinetic competition studies, the validity of
th€ rate data so determined is discussed in detaiì
in the final chapter.

ComrncntrRcactant

D'

C't+

BH;

Venadiurr [V
vo++
CF.

Mlf.

FC.

'(6.0a 2) x r0

4-2 x lo7

4.5x l0'

l.5x l0'

'3.3x 10.

'(4.?r0.8) x l0
.1.2x to,o
. <4x ì$

(5.011.5) x r0.

(3-2i l) x l{F

. > l.l x l0l

'>10
3.0x l0r
32xl0'
5.0x 10.

2.óx r0.

t 2Ytot

t.7 x t0,0
t.(l.t+0.2) Y loro

8.?x l0'
l'9.s x le
(1.25=0.2) x l0ro

*4.6x 10.

?.2x Ì0?

27xt0,

(0.9a0.3) x loro
î'(7.órl) x r(,l

1

0.r /v

HCrO.

7

7

7

t8l

tel

lr0, 2î

trll

I3ì

I2l

f4l
t41

tì21

tl3]

tI4l

frsl
t16l
tr7]
08)

0î
001

lntermitrcnt in.dietion

Comp. 'rrh Fc'-
(Fcnron)

PR product fonn.

PR produc! form.

PR product forn.
PR próduct form.

S iflld. cohp. úth H'

S irad- comp. with H!

PR rernoral of OH

S iÍrd. comp. $ith
H,q

PR product forrn.

PR product form.
5 irrad.
S irrld. conp. with Hr
Fcntor .clction, OH

comp. with PNDA
S irad- conp. with Hr

PR .onrr sirh bi...-

Àb6olutc

R.l. ro lox+x,or:4.5 x l0

Rel. to *on+D.,:4.5 x l0'

Rd 1o rql.,.'. -5 ^ lo'

Abeolutc, NrO addcd

Absolut.

Absolutc(O_ rate conetent)

Rcl. to *oH+ri=4.5x l0'

RcL to /ron**:4.5 x l@

Absolutc. N'O added

Àbóolutc
R€l. to 

^oH+H.= 
4.5 x l0?

RcL to lor+Í.:4.5 x l0'
RcL to &o&PxD^ = I.25 x l0ro

RcL to *ox+n -4.5 x l0?

R.l. t. &oH+rcor:5.5 Y lot

RGI to ÀoH.r- 1.02 x loto

^bsoìurc. 
N'O oddcd

Rcl. ro &on*cuox - 1.85 x l0
Absolutc NrO added
Rcl. to *oH+rr'À = 1.25 x l0r'

Absolute. ùO addcd

n€l ro *oH+rùot- {.5 x lO'

lt
r2.8

tFr(cNlNoI-

tte(CNII-

0.t
I
1.6

2.1

1

9

o.l

t201

[2rl
Í?,l
123l

t24l

PR comp. with l-

PR cohp. rilh crhsnol
PR producr form
S irrad- cohp. with

PNDA

Pmduct folm-tRu(NHIIN'F+

Tl*

t25l

fz6, z7)

127,81

fl21
l2el

33

formic lcid

S irad. comp. s,ith

S irred, corDp. with H"
PR product form.

Rcl. to lo'r*s{,- 4.5 x l0'

RcL ro lo|r+|'|,:4.5 x lot
Abeolutc. NrO addcd

0.t

0.t
6.5

Tr'tt,r ll. Inorsanic .Lètron tnnsf.t rcactíoLr



TtBtE ll, I,organic.letrc" trc dú rca.tio r-Continucd

gidc

hypophoo phitc

phosphitc

HPO:-

pol

Proi-

arsenite (,t!Ot )

r8x td
.fl x tlP

t,0x to,o

î.4.2 x l0r
4.5x lo.

3,8x 10.

't.3.6S x tol

.1.0 x t0'
rt.s x Ìo'

4.5 x t().

(4.5r0.3) x I(F

.3xìG

(2.5=0.3) x tO

5x10.

1,3 x t0.

7.1 x ì0'

(8.1È 0.4) x t0.
?.4 x to,
8.1 x 10.

(8.8aÌ.t) x l0r

(1.00r0.(5) x r0o

l.9x 10.

3,9x 10.

< I0'

<5x10'

< lo1

<4x10'

(?.ó-0.3) x l0e

9.5 x 10.

PR produd fonn.

PR comp. with nrcthanol

PR Foduct forùr.
S ilr!ò cohp. úth

ùc!taatc
PR conp. úth b.thùòl

úd cùrhol
PR pmduct fo.n.

PR prod. form.

PR cornp. úù HrO-.r

S iE.d comD. ri!ù
PNDA

PR btceching of colutc

S ind. coEp. rirl Fé*

S ilfld. conrp. kirh Ht

PR of NOr :olurions

S irrad. comp wirl
PNDA

PR conp. wirh PNDA
PR cornp. witù CQ
PR conp, úth CO!

S irrad. cornp wirh
dcohob

S inerl. cornp. with
PNDA

PR conF úrh CO;

PR conp. wirh COi

PR cohp. wiih iodidc

PR conp. with CQ

PR "onp. -irh co;

PR cornp. wirh CQ

S irrad. conp with
PNDA

PR comp wirh CQ

Coorncntr

Abrolutc. NrO rddcd
Ahmlutr- N,O eddcd

Rd ro l6x*"*r=9.5;1gr

Abmhna NrO rddcd
ReL to *s+r|ur- 5.ó x l{F

RGL to iox*c,d.o||= l.ts x l0'

Abcolutc. NrO rddcd

Absolurc. COr rdded
Af,loluta lÈO .ddcd

ReJ. to 1..*ro-4.51 16r

RcL ro À**r'*- 1.25 Y 1n"

At.olut.. NO dd.i

ncl lo *on+ + -3.5 x l0r

Rcl to L". fl. - 4.5 x l0'

Comput€r eDallti. of

ReL to È**",o^- 1.5116lr

ReL to,!os*u!D^- 1.25 x lCFo

R€L ro *d*co,--{.1 x 10.
R.L to los+ cq,- = 4.I x l0r

R€Ì !o hd+ c,Htor: 1.85 x l o'

Rcl to tos* aD^ - 1.25 x lo'

RcI to tod*clF-4.1 x l(P

ReL to 16'*"o,- -4. 1 1 16r

RcL !o Èox +, - - l.O2 x tO.

RcI to *. *cq,-=4.1x l0r

RcL to /Éor+ (ur- -4-l x lO.

Rel. to t{H + c[|- = 4.1 x 10.

RcL to fr"" * n o^: 1.25 1 tg'r

Rel. to lon*"6-4.1 v 19.

Rcrctr.nt

lPtcl.Ì-

tP(cN)L,F-

coî

7
>lî

l0.E
t0.5

t0.?

It

ó.5
o.l

9

0.t

nèul.

9

10.?

ll

1

9

10.?

10. ?

t30I
lsnl

t30l

t3ll
l32l

t33l

t34l

t35l
prl

t3ól

Íl

137ì

t38l

t3el

t40l

[41]

l24l
t33l
f42l

t43l

[24]

t33l

t33l

[20]

t44l

t.,tl

t44l

Íl
t33l

HCO,-

co

cN-

c(No,L-

Sn-'

NO;

t4



Rcrcrrni

Prod. anelysis. High dore

rerc rediolysis
Prcd. 6nalysi!. Hi[h do6€

rei€ redioly.is
PR comp. *ith I-

PR cornp. with CNS-

S iùsd. comp wirh Cd+
S irrad. cornp. with Hr
S irrad, co'np. with

SaJranine T

PR comp. wnh methan,rl

PR comp with CO!

PR comp. whh CO"'

PR comp. with mtthan"l

PR comp. with CO"'

PR product form. and

comp. with nerhcnol
andfcrrocyanidc

PR pr"d. n'rm
S inad. c.mF with

PNDA

S iffad. cùmp. Y'ilh Br-

S irrsd- comp. wilh

PR prod. f,rm
S irrBd, comp. with

SrJrsnincÎ
S irrad. cofnp. *ilh

S inad. comÈ {ith
éthan'rl

5 inad- c|rmp. wlih

SsfranineT
S irrad. crrmp with

Safranine T
S iîrsd. comp wirh

S ined. c,rmp wirh

PR pr,rd. f.rm.
S irrad. c('mÌ,. v/irh

PR prod. l 
'rrn.

S irrad. c"mp. silh
PNDA

S irrsd. (x'mp. wirh

PNDA

Cornmcrtr

Conp. with radical.radical reac.
tions in HrO/Or/HrO"

Comp. wirh radicrl'radicrl reac-
rions in ILO/Or/HrO:

RcL to lor*, - t.O2 xrl0x

R€[ ro rTl*,," = l t x l0'o

Rcl. to lor+ hoi:4.5 x l0?

R€L tu /.ux*""-4 5 x l0'
R.L r,' I,F...H.= 7.9 x l0'

ReI r,) ro,,*..H,,',- 8.5 x I03

RrL r0 i.tr+c,,,= :4.1 x toi

RcL r,' *,n,. (lÈ- = 4.1 x 10.

ReL t,' t,'H-(,H.,n':1.85 x l0'

ReL t') r(,,H*c,r- :4. 1 x l0'

Rate constent dtpend. on PH. Cl-
concentrati,)n and "vcrall i,rnic

6rren$h
Abs,,lute. Obs. Cl-
RcI r('1,r,. 

'*D\- 
1.25 x l0ro

R€L r0t(,,,*8, :t.l x l0r

Rcl. r,'luH*c,s,,n - l.&5 x l0'

Abr,'lure. Obs. Br;
Rcl. r,,l(',...n. = 7.8 x l0r

RGL ro*r ,r.-2.0x l0r

RcL roÈo',*.,Í,"H:1.85 x l0'

KcL lotr) +(d, = /.Ú X lU'

Rel. ro *,,'i* ( d. - 7.8 x l0'

ReL t,'1,trì*(,H,,,H:1.85 x l0'

R€Ì. r,,l"x.{.n.,ú, = 1.85 x l0r

/tbs"lute. Obs. Br;
Rcl. ù' *,''*e-,,.,.= 5-6 x l0r

Absolute.0bs. Br;
Rel. rot,n'+(,,,,,,r: I.&5 x l0r

tì€1. r,'/.'',,*r',, = 1.5 x l0'"

H,S

H,SO

cto,

Br-

1

10.7

alhl.
0.8-3.4
9

a.5 x l0'

2.25 x l0'

1.83 x lso

3,5 x lo5
(t53o.s) x lo5
(1.2i0.3) x 10.

x l0' 3

ó

0.1
< 0-4

0.3-2.0

t4sl

127)

[20]

[4ó]

127,28)
tt2l
l47l

t4€l

[4e]

[4e]

[33]

[33]

t6l

Is0]
[24]

KHSO.

HSOi

s'o;

seìenitc ScQ

tcllurite TcQ

cl-

1.5 x 106

3.9 x le

< l0'

4.6 x 10.

3.9x 103

s.e ofiginal paper

'(l5t 0.3) x r0ro

10.

l.l x I(P

l.@ x l0,o

5-ox lo'
(l.o= 0.15) x l0ro

3t9 x 10.

7J x loe

(5.0a0.?) x r0"

(2.210.3) x l0'

Ll?x l0'

l.l x 10.

.1.0 x 10,
l.l4 x to"

+(1.2a 0.15) x l0l
1,08 x l0'

(1.110.0ó) x r0o

5.8-6.0

1.3

2
2

0.6 iv
&so.

J

ó

ó

7

?-t0.5

7

9

[5ì]

Is2]

ts3l
147\

ts4l

Is2]

t47l

l47l

t})l

ts2l

ts3l
[32]

tsól
Iss]

f24j

T {.ù,LE ll. Inoryanb ebct.on rror\fcr rcaatioa -Continucd
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T r,Bl'll. Inarani. clcctron erasÍcr rcactíors - Conrinued

Reactana I (r't-rsr ) PH Rd Method Coramcnts

hypobronite
BrO-

I-

4.4x 10.

1.9 x t0.

1.38 x 10,0

(l.t3r0.1ó) xl0,o

+3.4 x l0r0

(7.5=1.ì)xloe

t.6 x 10ú

'(r.02+0.13) Y ìo'.
t_2 x l0'o

(1.0940,6) x l0!o

1.37 x 1(}0

7.3 x tor

8.6 x 10.

1 13 x to'o
'(?.5t0.5) x l0'
.2.8 x l0r.

9.2 x loe

l.t3 x l0,o
.6.6 x t0.
l.t9 x to,o

r{1.úÉ0.1) x l0'.

D

l3

0. 05,v
HrSo.

2

7

I

9

r0.5

ll
r.o tt

N.OH

2

2

2-10
2-9

5

7

?

9

Ls?l

LùT.I

[54]

L4?l

t?l

[47]

t541

t10l
[42]

l24l

î321

[42]
t5!l

t58l

t33l
Ise]
t71

t60l

t33l
t35l
tl8l

161ì

PR conp vhh corbonate

PR comp. with carbonate

S inad. comp. úth
isopmprnol

S irrad. comp. with
Sefraninc T

PR prod, form.

S inad. comp. with
Salranine T

S irrad. cornp with
isopropanol

S irrrd. comp. wirh
PNDA

S irrad. conp. wirt
PNDA

S ird. c.rnp- rith

PR conp. with CO;
S lrtrd, coop. rvlù

isoproparol

S irred. comp. *ith
rhyt|rinG

PR cornp. with CIHrOH
PR prod form.
PR prod. forn-

S iraò comp. *ith
ùyrDin.

PR comp. with C.H1OH
PR fonn. of (CNSF
S iÍrd. coDp. wirù

PNDA
PR prod. form.

RcL to loH+ co- = 4.1 X l0'

ReL to},,Hrco,- -4.1 x l0'

Rcl. roÈoh*,u- 2.0 x lo"

Rel. toloH*c.H.=7.8x l0r

À5rolutc, Analysis of I*I-=l-
cquilibrium

RcL to lro'{ * c.k: ?.8 x l0'

ReL toto"*'"= 2-91 16r

ab.olur. N.O .dd.d
RcL lo *ox+p D^- 1.25 x l0ro

RcL to,toi*i D -1.25x.l{}o

Rd ro lor+ùdDr. = 5.6 x 10,

RcL to Ìo*"o,--4.1;116r
RcL ro toH+F-2.0 x rO'

Rd to loH*o,,d-=4.? x l0r

RcL ro ÈîH+cdrór- l-85 x 10.
Absolutc N:O sddcd
A5!olur.. ADdy!tu of

CNS'+CNS = CNSt-
cquiìibriun.

Rd io ÈoH+,À,tu=4.? x 10.

RcL ro lon+ct,ro{= l.E5 x l0r
Abrolute NrO added
ReL to lo'r+'î'D^- 1.25x l0'.

Absotutc. NrO eddcd.
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Chapter VIII.

Rate constants for rhe reaction of rhe hydroxyl
radical with another hydroxyl, or with other free
radicals (notably those formed in the radiolysis of
rvater) have proved to be among the most difficult
of the hydroxyl rat€ constants to delermine ac-
curately. N*evertheìess, values have been obtained,
in one case by several methods, for the following
radical-radical reactions of OH as well a.6 for rhree
analogous reaction€ of the deuteroxy radical, OD,
lhe latter in deuterium oride. rather than in water.

oH+ otl: H.o! (ì )

OH + O- : HO; (2)

OH+ H: HzO (3)

OH* e;o: OH (4)

OH+HOr:HzO* Or (5)

OH + Or- : 6H- -' 9, (6)

OH+ H,Oi : HiO+ + O, (7)

OD+OD:DIO, (8)

(e)

( l0)

Ér has been determined, as pointed out in chapter
IlI, by a rnethod analogous to îbe rotaling sector
technique. tr and Èg have been determined by pulse
radiolysis observation of the hydroxyì radical
directly. The molar extinction coemcient must be
known for this ca.lculation, and it shouìd be noted
that there is a weak overlapping absorption of H-
atomc Severel of rhese rate conetents heve been

oduct

:ìi"::
6t to

be regarded as approximate.
12 has been determined by
omperition with the ferro-

Radical Reactions

OD+ D= DzO

OD+ e;o- gP-

oH+ OH- H,q

OH+O:Hq

oH+ H: ILO

OH +.;q+ OH

t(4.0a 1.0) x r0,

î(s.s a 08) x 10.

.(5.3a0.5) x l0'

*(5.3a0.s) x 10.
6xt0'

?x10.

PR

RT

23

RT

RT
RT

RT

23

RT
RT

23

acid and

trl

L2l

t3l

t4l
t6l

t8l

3

acid

PR direcr obs. ofOH

PR ùrect obs. of OH
Prod. yie)dr in P and S

Prod yi€lds in P and S

PR

PR direcr obs. of OH
Prod. yìclds in P andS

Prod. lel&iD P aDd S
rrrad.

PR obs. of c;"

Grrnnents

Relatire ro *oH+ H:= 4.5 x 107

Mechanism dcpcnd€nt
Rdaiivc tó toxlr..,o.,..-0.93 x l0ro

D€p€ndent oneots Abrolutc. Corr.
rnade for H+ OH.

Dcpendent oneon. Absolure.
Comput. 6r ro over-Àll mcchanism

\ith tH+H:6 x l0r
Comput. 6t ro over'alì mechanism

\,irhtDrB:óxl0'

Rclative to tor*r..*-"=0.93 x l0''

No con. for ove rlapping abs. of H
Conpul 6r to over'all mechanism

rYirh *s+s:6x l0o
Compur 6r to u!er-aÌl mechaoism

withtH+s:óx10.
Mcchanism dependent. Absolute.

<2.0x l0'o

7xl0'
1.2 x l0ro

3 x l0!0

.(3.0=t.0 x ì0p

basic

3
aod

acid

t2l

t4l
t6l

t8l

t5l
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x lor.

x l0r.

x t0'

x lo.

x lo.

RT

25

RÎ

E

23

|cid

|cid

rcid

> 2.71

< l.5l

bgic

b|.ic

boic

tól

t?l

t81

t4

t7l

[e]

tet

fel

Èod. yicùlr in P ud S

irrld,
Prod. yiclò in Pirtrè

Èod. yicldr in P rad S
irrrò

Èoò yicH ir P irrò

Prod. yicld in P irtrd-

Pn ù..úGi

PB oùr. d.i

PR oùr ofc;

Trù'tt t:2. R'|t ol .tútÍo/'a- Condnuod

Rcrction

oH+Hq=ÉÓ+o

oH+ 05:99-*O

OH+ |[OI- HrO* + Ot

OD+ OD-DrOt

OD+D= tlo

OD+à.-OI,-

Cornrcntr

Compur. 6r ro orcr.rn mcdruírm
witùlr+x-6x10'

Conpl& 6r of qH'Or) rritù
Io|t+oD-6xIO'

Conpl6r o ovcrdl ncclrliru
úrhÈ'*'-5;tgr

Conpot ft ofQîLOr) útt
lo+q-6x l0'

Conput- 6t o{ Q}LOr) úrh
la+c-6x l0'

Concurrcrr witù OD .} c;.
Urc.naiDtt aùour O-

Coùcúrllt r hOD+ci
Urcrnrity rbout O-

Uncùtairiy rb.ú rmo|Dr dO-

Chepter Beferencee f4ì llonÙ. J. K., Trur Fù.d. Soc. ól 
' 
nE (1965)

isi Xcrq"n. l,l. S., ud Rrbrd, .I., J:Pbn. 6.ú. ó9' He'

0l Scùrrrr,ll. rL, J.
frt r.46, J , 6d r

t3l Pùhtr* P., Cttl Praha* P.' c
Fofr!, J., .!d

m- 6ó,255 O9@I|| S.. t. Df* CA.ó. 70, ?61

. H- Ró.!i, J., NL.oÀ, G.,
i. O.. I. Phr Cùco ?1, l@9
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Chapter lX. Reacrions of the Oxide Radical Ion

The chemical reactivity of the basic form of the
hydroxyl radical, O-, differs markedly from that of
OH in many reacrions. Since the pK is ll.9 for the
equilibrium

oH+oH - = o-+ Hro, (r)

all chemical reacrions of rhe oxide radical ion have
been studied in strongìy basic solution. The differ-

be seen in , f,:
hydroxyl radi he
oxide radical de

O +O,:O;. e)

Wh,ile Ihe hldroxyl radicaì adds readily to aromatic
molecules. the reactivity of O- toward aromatic

o + crH5oH - OH r CzIITOII t3)

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), bas a strong
opîical absorption with a maximum []., 6l at 430
nm, which has been used [3] to determine &, abso-
lutely. Similarly, &:r has been determined absoluteìy
[7] by observing the formation of the a.ethanoì
radical, of which rhe ionic form [8, 9] presenl ar
high pH has a conveniently observable optical
absorptiou in thc uv-

In other cases, rale constants have been de.
termined in flash photolysis and in pulse radiolysis
by competition kinetic studies [3, ó, t0, 14] using
reaction (J), or some orher process as rhe refelence
reaction. Where the desired result is obtained bv
monitoring O;, the interpretation of rhe data ii
usually quite complex. involving as it does not only
the equilibrium constant for the pH.dependeni
equilibrium (l). and the forward and reveise rare
constants for the (2). as well
es thé rr!é consie interest, but
also the rare cons s 

"ornpirir[reaction of OH- complexitv.
compeîition kinet malion is 

'a

formerion raie consîanr-
y known and the decom-
been determined [10] as

Table t3 ìists the rate constants for reactions of
O-, among which are to be found examDles of addi-
tion. hydrogen abstraction, and reaction with orher
radicals and radical ions, norably those forrned in
ulc radiulysis uI warcr.

î^!l.E 13. RrarrioÌr o/ rtu ozidz radicat Lon

Reacrion *(M , s ') î('c) pH Bef Merhod

O +O'=Ot

+ c"H,coo-

i2.5 x 10t

'25xlge

î'(3.ó+ 0.4) x ì0,
4x10,

<óxI0'

RT

RTI

1T" I

I

2-r

l3

l3-13.7

lr&13
n.9

t3

l3l

f6l

t l
tl?l

t4l

PR prod form.

Fiash. phot. prod.
form.

PR prod. form.
PR prod. form

PR comp. wirh O;

Absolute. Obsen. O;
Sinsl€ conccn. of 01

Absolute. Observ. O:- in
HrO, phot. No data given

Absolute. Observ. ofO; forn.
Absolute. Approximate

ReL to Èo-*n,:2.5 a 16r

Compler kinetics. May be
velv huch lower.
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T^rLr 13 R.ò.tiJt . 
^f 

tà. adà. .oli.dl i^n-Cnntiincll

M€ihod

O- +H,:OH- +H

O- + HO. = OH-+ Or-

o-+ cHroH
=.cH'oH+oH-

o-+crHroH
-.C'H.OH+ OH-

Rerction

O-+ HrO- OH+ OH- Fhsh phot.

PR comp with

o-+ co3-
Calculaed

PR ohscrr. o( q-.

PR obacn. of O;
PR com9. úth

OH + CO:-
PR obscn- of Or-

o-+ o:

PR obscrv. of Or
dccay

PR prod. form.

PR obscrv. of O;

PR obscn. of o;
dcey

PR prod. form.

S irrad. CO' form.

PR comp. úth
OH + fèno.
cy3nidc

PR pmd" form.

PR comp. with
oH+co:-

PR conp. with
oH+ co:-

PR mmp. with
OH+ CO!-

PR cornp. with
o-+ ot

Commcnts

Rel. to 1o.,,,,=2-51 16r

Rcl. ro Ì-.c.xoc= Ì x lOe

Based on equilibrium c,,nsts
and Àor. "r,:4 

x tOe

CohDùr. {ir rirh orh€r nte
conlts. and dcpcnd- upon

R€l. to *o-+o,=2 5x l0'
Rcl. ro io"."o6 =4.1;a 16r

Rcl. to Ào-.o,-2.5 a 16r
R.l. ro I"-,q-2.6x ì().

Con- ro tcro iohic
rtr.ngh

Rd. ro to-+o,:2.5 x ì0.

Absolutc Obscrv. of dcohol
.rdical lorm.

RcL to &o-*o,-2,5 x l0r

Rcl. to *o-*o.:2.5x l0l

Abrolute. Obscn. of rlcohol
redical fornr-

Rcl. to *o-+or-2.5 x l0'

^ppbr. 
upD.r lihit

Abrolutc. Appror. lirrit.

Rd. to *6r. 
"og 

-= 4.1 >1 16t

RGL to lox+clt-:4-t x 10.

Rd to lox+co!--4.1 x 10.

Rcl. ro *o.*o,:2.5119

5.5 x t0r
(3.0 x r0r 5i)
I.? x 10.

(9.2x10'sr)
2xt07

(8+4) x l0?

(?a3) x l0r
8.1x t0.

(5.0Í l.?) x 10.
!.?4x tor

î(s.2i1.0)xr@

î+(5.8a0.8) x lOr

25

25

RT

20-25

25

23

25

20-25

RT
21

RT

25

24

2X

20-

l3-13.7

lì

l3

t3

t3
ìl

l3-13.7

ì3

> 13.3

>13

t3

> 13.3

l2-13.5

r3.5

t0.6-13.5

t6l

tl2l

tÌ01

o3l

t4l
url

tól
[2r ]

ll0l

t?l

[ì4]

[10]

t?l

Ils]

Il?]

061

Ill]

url

lDl

lrel

18.9 x l0!

t(8.41I.ó) x 10.

t.(1.13-0.Ì7) x

t.6x l0?o-+c,ol-
: Cq+20H-+COr-

o- + [FdcDrr-
E grp16rr1p- + zon-

O-+CO!- 1f CO. +.toH-

O-+HCOi
Y gco,+ zon-

o- +Not Y Nq+toH-

o-+t- lfI+2oH-

O-+CNs-
E cNs+?otr-

<?xl0?

< l0'

1.4 x l0'

2.8x 10.

- 9.óx I0.

l.0x ì01

ll

ll

lt

4l



TABLE 13. .lîcoctdoni o/ tL. otíù rodical ion- Conrinùed

-t

o-+ o-: Ol-

O-+ OH- HOt

o--";"1"69-

o-+or+

(2.2 r0.6) x l0r.

5x t0.

PR co'np. with Oi
form.

PR conp. with
OH + fcrro-
cyenid€

PR comp. *ith
OH + ferîo.
cranidc

PR comp. with
OH + feno-
cyrnidc

PR comp. with
OH * feno'

PR obeen. of c;.

PR obsew. of Or

Commcnt!

Rel, to fo-*o.=2.5x r0'. NrO
ddcd

R€|. to OH+ [Fe(CN).]'

May be much less

RccdculÀted frorn r€i fl?l

May bc 4fold lonrcr

Comp. fit rith other rate

ReL to *o-+or=2.5x l0'

Rcaction l(M rs-r)

5.8 x tor

2xl0'

< 1.8 x l0'

<8Xt0.

< 2.6x l0'o
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Chapter X. Reactions With Biological Moleculee

There is an exrensfve lilelalule ux lìle l€asliurrs
of the OH radicaì with compounds relevanl to, or
inrolved
Drocesses
deaminaú
the free b

Arnino Acids

It is now well established that oxidative and re.
ductive deamination are major processes in lhe
radiolysis of dilute aqueous solutions of simple ali-
phatic'amino acids such as glycine and alanine
[U. It is believed that OH attack on amino acids
óf this type, repreoented as NHiC-HiR)COO-,
occurs marnly al the carbon atom alpha ro the
carboxyl or amino group.

OH+ NHiCH{R,COO : HzO+ NHíC(R)COO- (l)

Depend aì conditions, the a'
amino r ismutation to form an
interme ch hydrolyzes to yield
ammonia and a keto acid:

2NHJC(R)Coo : NHJcH(R)coO-

+NHz:C1i16gg- t''

NH3 : 61X,"nn- * H"O: NH" + RCOCOO-

(3)

Although there is an approximate l:l 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 ln dilute aqueous solullon, the
efrciency of ammonia production falls with increas-
ing length of the aliphatic side chain [2]. This is due
to the reducîioD in the yield of the a-amino radical
relative to that of radicals folmed by OH attack else.
vhere in the molecule.

Oxidative deamination is not a major process
following the reaction of OH with the ring-containing

aurirr,r acitls, c.s. lyrosinc, Pb.nylalaniDc, trypto'
phan, and histidine. As might be expected by
anaìogy with other a.romatic and heterocyclic com'
pounds, OH radicals react predominantìy by addi'
rion to the ring In the case of tyrosine, the hydroÌy'
cyclohexadienyl radical formed in this reaction
undergoes a unimoìecular elimination reaction in
which a molecule of water is losl from the sfuctule
t3l.

The reaction is acid-base caralyzed.
The rate constants for OH addition to the ring-

amino acids are an order of magnitude or more
larger than those for the non-Éng amino acids, with
lhe exr:.ption of the suìfrrr-containing comlnrrnds.
For thia reason therefore, the ring structures in
enzymes are panicularly vulnerable to OH radical
attack, reacúons which may lead, in some cases, to
loss of biolosic.l activity.

In the hetetocycLic amino acid, tryptophan, there
is evidence of muhifocal anack by OH. This is
based on the ara.lysis of the srable products fol-
lowing radiolysie of aqueous solurions [4] and also,
on a study of the reactions of OH generated in the
Fenton reaction [5]. A derailed pulse radiolysis
srudy of tryptophan and related substitured indoles
not only con6rmcd that multifocal attack occuro but
has also provided information on which sites in the
ring are involved [6]. The trarsient absorption maxi-
mum due to the OH.adduct has three subsidiary
msxlma Àr 310,325, anrl3,15 nm. The spcolrurrr w&s
compared with those obtained by OH addition to
indoles in which substituent groups were present at
various positions in the structures. It rras found that
the relative intensities of the rhree subsidiary max-
ima are dependent upon the position of the substit-
uent. It was argued rhat substitution of a merhyl
group on various positions of the indole ring should
restnct electrophllrc attack by UH at that posltlon.
Complications arising from changes in the electron
density distribution in the molecule due to the induc.
tive efr€ct of the methyl group appear to be negligi.
ble since the molecular spectrum of indole ie not
very difrerent from thoge of the substituted indoles.
It was concluded that the efr€ct of substitution on
the reletive intensitiee of the subsidiary maxima in
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the transient spectra r€flect the lowering of the prob-
ability of OH atîèck at the substituted posirion.
Kinetic data indicared that the OH reactivities at the
three sites in tryatophan nere of the same order of
magnitude, from which it was concluded that the
rhree OH.adducts are formed in approúmately
eq'rd yi€ld.

h is evident from table 14, that rhe su.lfur-coDrain-
ing amino acids react exrremely rapidly with OH.
Cysteine IRSH; is oxidized ro óysrine ihrough the
formotion of rhc intcrmcdiatc iadical RS;h.ich
results from abstraction of a hydrogen alom from
the throl gtoup

RSH+ OH:RS.+ H,O 16)

according to the equilibria

RSH=RS-+H+ (?)

RS+RS-=RSSR-. l8t

Cystine is probably formed by dimerization of rhe
uncomplexed RS radicals

RS+RS:RSSR. (9)

In the presence of oxygen, the high efficiency for
the oúdation of RSH indicates the occurrence of a
chain reacrion [91. Ir has been suggested that the
RS radicals formei in tóì react witÈ oxygen to form
rhe RSOz radicaì which propagates the chain by the
fl-atom transfet reaction

RSOr + RSH: RSOzH+ RS. (t0)

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

NHz :NH+NHz
S

I-{

= 1"",
Some trends are apparent in the rate constant

data listed in the tables. Clearly the absolute reac.
tivities of OH with arnino acids (table 15) and simple
peptid€s (table ló) vary considerably with the struc-
ture of the compound and also with pH, an effect
which is due to the influence of the ionic equiìibria
in these solutes, With increasing pH, the net charge
on amino acids changes from l1 in acid solution
rhlruglt zcro to -l irr ulkaulc sr-,lurir.,rrs wlicl
favors reaction with the electrophile OH.

The simple aUphatic amino acids, glycine and ala-
nine, appear to be the ìeast reactive although u'hen
OH goups or branched chains are present in the
molecules, inductive efrects tend to increase the
reactivity. As discussed earlier, the ring-structured
amino acids are among the most reacîiv€ due to the
ease with which OH addition to the ?-electron sys.
tem can occur. Simìlar trends are apparent in the
dara for the simple peptides although the peptìde
linkage evidently increases the reactivity relative to
that of the free amino acids. As might be expected,
in peptides where the component amÍno acids have
different reactivities in the free state, e.g, glutathi-
one and glycyltyrosine, the rate constants are com'
parable in each case to that of the more reactive
smino acid component.

Enzyrncs

Table IT lists the available data for some reìatively
simple enzymes. In rnost cases, th€ rate constants
are of the order of l0rrM-rs-I, values which are cal.
culated on the basis of the roral molecular weight of
lhe enzl'mes. Since these cornpounds conÌain in
excess of 100 amino acids in their structure, the rate
constants calculated on the basis of the totsl molar-
ity of the individual component amino acids are of
course considerably smaller. Although 8tt€mpts
have been made to calculate overall rate constanls
hom a knowledge ol the values lor the sing)e unrts,
such calculations are of doubtful significance in view
of the complex tertiary structure of enzymes and the
varying degrees of accessibilìtv to free radical attack
of different regions in the molecules.

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

S
I-{

H

:NH
S

I :NH
]-,- ". 

(r3)

The chain lprminntion cren iq dimerizntinn of RS
radicals lo from cystine. îhiourea is rapidly oxi-
ùzed.by OH radicàls [10]. lt bas been iugeiested
that the reaclion proceeds through a transient inter.
mediate imino radical formed by hydrogen abstrac-
tion from the imino form of the soìure.

tlH,-J-nH, = wu,-J:rvu (n)
SH S.

NH,.ì:NH + OH = NHz-d:NH + Hzo (12)

A strong transient absorption band with a maximum
near /UJO nm, is lbrrned during the pulse radiolysis
of thiourea solutions [10]. This was attributed orig-
inally to the imino-RS radical formed in reaction
(ll). However, hore recerìt pulse radiolysis studies
with the analogue selenourea [11], where a similar

SH

&



the problems of kinetic inhornogeneity encountered
in systems containing very ìarge macromolecules.
Fortunately, rat€ constants can be measured quite
conveniently by the absolute pulse radiolysis meth-
ods since OH attack on proteins gives rise to strong
transient absorption bands in the ultraviolet region
of rhe spectrum. These absorption bands are due to
addition of OH to rhe ring-amiDo acids present in the
structute.

Nucleic Acid Derivatives

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

It it from this field of research that almost all of
the available information on OH reactivities with
these compounds derives. It is reìevant therefore
to discuss first some of the earìy work on the station.
ary-state radiation chemistry o{ these compounds.

Dilule aqueous solutions of simple pyrimidine
bases, e.g., rhymine, cytosine, and uracil are
bleached by ionizing radiation [12, l3]. The chromo.
ohore in these solutions is the 5:6 doubìe bond in
ihe hererocycìic ring which gves rise to an absorp.
tion maximum at 260 nm and it was concluded
LLclcfure rhuL thc radiutiorinrluced 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 oxygenated thymine solutions, hydroperoxides
are formed, End it was concluded therefore that OH
radicals formed during the radiolysis add o the
5:6 double bond [t4, l5]. The full reaction sequence
is as follows:

o
rl

HN ìCH3ill,, +oH

o-r litl

This has since been confirmed in nurnerous
experiments with thymine and other pyrimidines.
By comparison with the cis and ,rons isomers of
5-hydroxy-6.hydroperoxythymine and 6-hydroxy-5-
hydroperxoythymine, it wae ehown chrometosreph
ically [6, l7] that the radiation-induced peroxy
compound is a mixture of the cis and ,rons isomers
of the 6-hydroxy derivative. However, for uracil
and dimethyluracil n'here hydroxyhydroperoxides
are also produced, there are indications that both
the 6-hydroxy and 5-hydroxy radicals are formed by
OH attack in the bases [8].

^.n 
in!Èr€!tirts applcariol of thc aerarcrl thyrnlne

system, and of relevance to this monograph, is ils
use as a reference strndard for the measurement of
relative rale constanÌs for reactions of OH l|,ith
many different solutes [19a, ì9b]. The method is
based on kinetic analysis of the competition,

OH* thymine-+ loss of chromophore 1lg1

OH+ solute---r producrs, 0ó)

in which the extent of bleachinc of the thvmine
chromophor is used ro measure the relativè rate
constant ratio /<,0//ts5. The application of this kinetic
system is discussed more fully in the finaì chapter
together with the normalization procedure used for
obtaining absolute vaìues of the r&le constants
determined by this method.

In the thymine, the site of OH atrack changes
gradrralìy with in.Fer.iRg pH [20] In solurion of

pH > 9, S'hydroxymethyluracil is one of the overaÌl
products of the oxidation, indicating that under
these conditions some attack occurs at the S.methvl

o
,J\ CH,H\' ìt-o,uI l.-u

o'\aoH
H 04)

o,

group

' !H''c
I] +OH

/'H

lrr Lhc prcserrce of cupric loD, lhe OH Àdduct of
uracil is mainly oxidized directly to the vicinal
glycol derivative [2ll

pH>9

.H
YOH*Cu HrO I -Cur lH.-----_ ,toH

(IS)

+Cur+H+
(le)

(r7)

\,H
ì'oH

./:H

although isobarbituric acid is a minor product of
the reaction

+ Curr ..._
\ -H
foH
.(,.H

Compared with the pyrirnidines, the mechanisrn
of OH.induced oxidation of rhe purines has received
ennsidarabiy lees rrtention- Errlv rcdistion chcmicol
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studies which showed that deamination and ring
opening were importa[t 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]

(21)

table 18. In general, the rate constants are near
diffusionlimited values and unlike the reactivities
with the strongly reducing entity, the hydrated
electron, there appears to be little difierence be.
tween free bases and the sugaÌ phosphate
derivatives. Where the data are available, it can
be se€D that the rate constante meaeured absolutely
by direct observation of the rate of formation of the
OH-adduct, agree well vith those determined by
measuremenl of the rat€ of bleaching of the
chromophor. This again confirms that thc 5-6
doubìe bond in the pyrimidines is the locus of OH
attack. Although there are occasionally very small
changes in reÀctivity with change of pH, it is clear
that, also unlike reaction with e;, there appears
to be littìe general efrect of tautomerism on the
rate constants for reacrion vith OH

DNA

Nucleoprotein in aqueous golutron rs rtseu falrly
resistant to OH altack [27]r+hich contrasts markedly
with the sensitivity of free DNA even when presenr
in solution with eouimolar DroDonions of free pro.
tein. This appareni prorecúon'of DNA in nucleo'
proteil is consistent with the proposed structure
for this molecule in which the double helix of DNA
is enveloped by the protein chains. In aqueous
solution therefore, OH radicals formed in the solvent
have restricted access to the DNA core and must
reacÌ preferentially with the protein sheath.

In solution, free DNA is inactivated by reaction
with OH, a process which occum mainly by attack
at the base moieties. However, eliminarion of free
bases also occurs due to OH attack on the sugar
backbone [22]. The relative yield of free base
measur€d 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-
stenre fnr reenrinn nf OH with al"nhols and pnìy-
bydric compounds (table l9), e.&, ribose, are about
an order of magnirude Iower than those for addition
to pyrimidine and purine bases.

However there is some evidence t24l that OH
attack can occur elsewhere in adenine Àince srnall
yields of 8-hydroxyadenine and 4-5ó-triamino-
pyirnidine are formed in this system.

Further confirmation that the 4-5 double bond is
a major locus of OH attack in Durines was obtained
from an analysis of the radióìysis products from
several punne bases 125, 2ó1. lt was argued liom
conventional purine cliemis[y that oxidaiìon at rhe
4-5 position should give, on hydroìysis. 4-5 djkero
products. The overall stoichiometry in the case of
xanthine is given by the equarion:

+ HCOOH + H,O,
(22)

Analvsis of irradiated oxygFnated xanrhine qolrrrinn
showed that alloxan and ammonia were formed in
relative yields required by this stoichiometry. For
olher purines. the degrsdation products vary a.l-
rhorrgh OH addirìon et thp 4-5 r.lìrrble bon.ì is in-
dicated as the main initiatins leaction in each case.

Rate constants for reacti,ons of OH with free
bases, nucleosides, and nucleotides are listed in

òmethvlsulfide

dimethylsùUorid.

(t 4?a0 ì) x l0'o ì.4-9

I
2

2

t8l

[20]
Itel

[2e]

[301

PR comp. wrth CNS-

Iìn conÌp. rirl, CNS-
S ;rrad. conp. with thymine

S irled. comp. ì{ith thymin€

PR product form.

Rel. to*f;|-,ù-l I x l0ro

ncl b /,fric,ú - l-l x to'i
RcÌ. to ÌoH + 

'r,,-r.. 
: 4-? x 10'g

Rel. ro [o,, 
",*. = 4.71 1ge

Absolutc. N'O addéd" No corr. for
H-atome

ì-c x l0ú
(5 lì0.5) x los

(4.810.5) x t0e

.5.2 x 10,

?_0x t0. t3ol PR conp, wrth CNS- Rel. to tll = l.l x l0''

'î^eLE 14. SuUu ahd selenizn conpounds

/.(M-'3-,) pH
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T^Ètr 11. Suqu d"à i.l.DíL q^poÙdÀ' ConÉn!6à

Rcactan!

gluhthioD€

gtycylmethionin.

hydrogen sulfide

hydmgcn 6clcnidc

ì.47 x l0ro

(4.0r0.3) x r0!
(ì.1r0.2s) x 10.

(2.2a0.3) x 10.

t-8t x t0ú
9.0 x 10,

(1.0:!0.3) x Ì0!'

5 5x 10,

(1.8-0.3) x l0ro

(3.310.5) x l0ro
(r.0=0.r5) 

^ lox

8.5 x 10,
(2.?10.4) x r0ro

't (ó.r t0.7) x r0'
't(4.9a0.5) x r0'

(ó.?=0-1) x loc

(8.210.7) x l0'
8,S x l0'

(6.0 -0.5) x ìo'

'ó.9 x l0'
.S.S x tO,
l.m x lo'o
L14 x l0ú
l.l7 x l0ro

PR cornp. rith CNS-

S iràd. @rnp. with thymin€
PR camp. with CNS-
PR cornp. with CNS

PR conp. witi CNS-
PR comp. with CNS-

PR conp. úth CNS-
I-urd Br-

PR conp. with CNS
I- 6nd Br-

PR conp. witL CNS-

PR conp. wirh CNS-
Pn c0Ep. wlrh CNS

PR comp. úth CNS-
PR comp- úth CNS-
PR comp- i{ith fcrrocyaDidc
PR comp. ìrith niEob€nzenc
PR cornp. with CNS-

PR corrp. úrh CNS-
PR comp. with CNS-
S inad- conp. with ùyhir.

PR bleaching of solurc
PR build-up
PR coop. wirb C:{S
PR comp. with cthanol
PR cornp. úth mcrhanol

Commenrs

ReL to r[j;-" : ì.1 x l0ro

Rel. to toflrù,*:4.7 x l0'
RcL to lll - l.l ). loto
Rel. to /t'!1 : l.l x l0'o

Rel. to/r!L :l lxl0ro
Rd. ro ltl;,." =l.I x I0'o

Rd.tollr :ì lxl0'o

Rettolc$;,-:l IXl0ro
RcL bt'.! -rl^10'

ReL to 19 = l l x l0ro

RcL to /rS * : 1.1x lgto
Rd to loÍ*r.''*B:9.3 x loe
Rel. to Èo".e*o, - 4.71 lgr
RcL to È51-,- :1.1 ;< lqto

ReL to t$;-:1.11 lgto
RèL to };L- : l-l x l0'ó
RcL ro È6".*-o.: 4.7;< 16r

Absolutc
AlBolut€
RcL to [[N,-: 1.1Y 1s'r
ncl to ioH+c,x.oD - 1.85x 10.
RcL to loH+cs,oH - 0.85x loe

2

2

5

[28]

t2el
[2e]
[2e]

t7l
t7l

[3t]

[3U

132lr.burylmcrciptan

rhcl hylmcrcapta!

2.m€rcsplo€thenol

rDcttÚoninè

aclenourca

6

allL

1.0

8.s-1t.5

7

7

tì

7

6.5

2-2.8

l32j
ts21

t28l
[32]
t33l
t33l
[32]

[2e]
Í23l
[2e]

tlll
I ]
tlll
url
lttl

Reectant

S irreò corap. wilh tùyminc
S irraò cornp. úrh

f€lrocyanide
PR c"-p, with CNS-
S illd- comp. úù

fcnocyanidc

Pn comp. witlr CNS

S inad- cotrlp. úth thyEinc
PR conp. úth CNS-

S irrad. comp. rith thyÈin€

S illrd conp. with tùyminc
PR comp. with CNS-

47

CotDneDt!

Rd. to lo"*.,o-: 4.71 16e

RcL to &o'*'"*.":9.31 16r

R.L ro È'!! - l.t v l0'o
RcL to Ìor*d'* = 9.3 x ì0'

nEL !u tai@ù - r.r ^ lo{
ReL to lo"r*.*= 4.2;< lgc
RcL !o IXLD : r.l x ì0ro

RGI !o lor+ù,!xl.: 4.? x loc

RcL ro *or*r,-r*: 4.71 19e

R€L to IîL = l.l x 10"

alparrgin?

.sparic scid

(4.4a0.2) x r0'
4.65 x l0?

(?.t+0-6) Y lo'
ó.ó x l0r

(ó.ó 
=o-o) 

x 1o'
(71=0.5) x 10.
(3.510.3) x 10'

3.1x l0?

(2.1=0.2) x l0'
(?.5:!l) x l0'

2

6

5_5-6

9.?5

2

2
ó.5-7 5

2

ó.8
2

Ile]
t3sl

t2el
[35]

[2e]
tze)
Íúl

Ite]

t2e1

L29)

î^sE 15. Anino aciù



Tr,Er,E 15. Aniìo a.ids - Continucd

I(rr-!s,)Rcactant Comments

comp. úlh thyminc to loHlrì,Err:4.7 x l0'Elulrmic acid

glutanine

dycinG

hìslrdinc

hydroryprolinc

isoleucinc

lysin€

Dodcucinc

norve.lin€

ornilhinc

phcnylrlanirc

prolinè

(1.3 r0.l) x I

1.5 x lO.

l.? x l0?
(?.2=0.3) x 10.
(l-0=0.0?) x r0'
4.5 x 10.

(1.7t0.17)xÌ07
5.9 x 10.

2.7x 10.

(r.8 a0. rs) x t0'
2.6x 10.
3.6 )( lo'

2.0 x t0'

(1.910.t5) x l0'
(5.010.3) x r0r

(3.3=0.15) x lo.

(1.7a0.))xroe

(ra+or)Yro,
(t.ó10.1) x l0r
(r.610.I ) x l0r
(3.8=0.5) x l0r

(6.0= 0.s) x 10.

2.8x lo'

l-4x l0r

t.6 x l0r

(?.0r0.3) x r0'
(s.?10.5) x t0!
(5R+05)Yr(P
t6.0x t0.

t+6.ó x l0r

(9.511.5) x t0.

(2.9r0.15) xro!

(2.st o.l5) x r0r
(3-210.3) x 10.

(3.6r 0.15) x l0r

2

2

I
2.4
2.8

5

5.8

7

9.5

9.5

10.5
to.5

t2

2

2

2

2

2

9.8

2

2

2

2

2
2

5 5-5

t0.6

2

2

2

Ite]

t28J

t2el
LÚ]
t3ól
l2el
[3sl

[3s]

L2el
[37]
[3s]

t3ól

t2el

[2e]

[2e]

[2e]

120l
[2e]
[2e)
[2e]

[2e]

tlel

uel

Ileì

l2el
lzel
[ee]

[38]

[38]

[3e]

l2el

[2e]

[2e]

[2e]

S irrrd. comp. with thymin€

PR comp. with CNS-
S irrrd" comp. úù ùyhirc
PR conp. úrh CNS-
S ilrad. comp. with PNDA
PR conp. úth CNS-
S i.rlad. corDp. with

fcnocyanide
S irrad- colllp. wilh

fclloqànide
PR comp. úrl CNS-
S irrrd. eonp. rrith benzoare
5 lrrad- comp. lflth

fcrrocyanide
5 imd. conp- with PNDA

PR comp. vith CNS-
PR comp. witù CNS-

S inad. comp. sith thyminc

S irsd. comp. ìrirh tlyÍdDè

S ir.d. ooEp. wnL lhyhiD.
PR cornp. with CNS-
PR cornp. wirh CNS-
PR cornp. úth CNS-

S irad. cohp. wirh rhymine

S irrad. conp. wirh thynire

S illad. cornp. xdlh thymin€

S irraò conp. with rhyminc

S irrad. comp. úth rhynine
PR comp wirl CNS
PR GoEp. *,irl CNS -

PR comp with
fcllocyanidc

PR product form.

PR comp. witù carbonarc

S inad. comp with ihymin€

PR conp with CNS-
PR comp. with CNS-

S inad. comp. wirh rhymine

RcL to 16*'*-'* - 4.7 a 16e

Itcl. to lH-' - l.l x 101'

Rcl to lo"*",*-: 4.71 16r

Rcl. to lfif- - Ll x l0ro
RcL to lo"*",*.o' : 1.65 a 16e

RcL b *;j ,-: 1.1 v 1s'o

RcL ro *6'*'*,- - 9.3 Y 1gr

RèL ro *ox+r"*y- : 9.3 x loe

Rcl. to ffi^. = 1.111910

ReL ro loH + ò.rur : 5.6 x lot
Rcl. ro kox+r.@,ù - 9.J x lU,

Rèl. lo *oH+crtr.or = 1.85 x l0'

RcL to l^' = l.Ì x l0ú
Rd. lo Èfr;-': 1.1 x 16to

RcI. to Às1**-- - 4.7 x 16e

RGL to *os+à,6'..: 4-? x 10"

R.L b lo,.ùom -,1.7 Y loe
Rel. ro tli = t.ì x l0!o
Rcl. to l!:! = l.l x to'o
RcL to ÈffL-.. - 1.1 x 16to

RcL to lo"*",.* - 4.7 1 16r

R€l. ro }or*'ù,r': 4.7 x l6t

Rcl. to lor'",-, - 4.7 a 16r

Rd ro l"B.ú-,-:4.7 x l0'

Rel. to *o"r-.,* - 4.7116e
RcI to irf;l,., - l.Ì x l01o

nol ro ,+fi];." - l.l Y lor.
Rcl. to toH{r*,* - 9-3 x loe

Ablolutc. NtO edd€d No colf. for
H.addil

Givcn rcl to toH+cq-=4.f x l0É

Rel. to Ès'*r-,*:4.7 1 16r

RcL to tAL.i : l.ì x l0ro

RlL to lfì*,," - l.l x Ì0ú

RcL to /co"*'-'* - 4.7 Y 16e
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Reacrant

fryptopllen

vaún€

ecctyÌalenine

ecctylglycylglycine

rlany$ycinc

glycylelanine

gtycylslycine

glycylsltcYlglYcine

glycylglycyldyc vf

glycylisoleucine

dycylleùcinc

glycylpcnylaleni nc

Comments

H-addir.
Rel. to *Sl;,., : Ll x l0ro

Rel. to loH +,h.,.r^. = 4.? x l0r
Rel. ro *fi|,,,,.. = l.l x l0'o

A-bsolutc. NrO added. No con for
H-rddit.

Gìv€n rcl. !o &oH.co,--4.I x lS

R€I. to *or-rht.'"": 4.? x l0'

4.ó x 103

{.2 ^ loq

?.8 x tor

(l 110.8) x l0?

(I.7 J 0.15) x l0'
(3.510.3) x l0'

(1.210.1) x l0'
(1.610.1) x I0r

4.4 x 10.

(2-2+0.2) x tOr

2.7 x 10.

5.2x t0.

0.4r0.07) x l0r
(2 410.25) x l0'
?.3 x l0!

(3.3=0.?) x l0'
(t.?5 f 0.15) x lo0

s.0x loe

(2.2r0.6) x l0'

(3.5=0.3) x ì01

(4.5=0.5) x l0'
(1.2:0.I) x ì0'
(3.040.1) x I0'

(2.?=0.15) x l0l

(2.330.15) x 1o'0

(8.2=0.6) x l0'

PR comp. with CNS-

PR comp. qrth CNS

PR cornp with CNS-

S inad. comp. with thYnin€

S irlld. comp. with lhYmine

PR comg, with CNS-

S inad. comp. *ith rhYmine

PR conrp with CNS-

PR comp. with CNS-

PR comp. wirh CNS-

PR comp. nith CNS-

PR comp. wirh CNS-

S iErd. comp *ilh thymine
PR cornp. rith CNS-

PR conp. wnh CNS-

PR cornp, with CNS-

PR conp. wnh CNS-
PR conp. with CNS-

S imd. comp. with rhYmine

PR cornp. wirh CNS-

PR comp. with CNS-

PR cornp. wirh CNS-
PR comp. wrth CNS-

S irrad. comP. with thYmin€

S iE.d. comP. with thymine

S inad. comp. t|ilh lhyminc

Rel. to &l;1,","" = l l x l0ro

Rel. ro &;1",,^: r'l ^ lo'"

Rel. to l[] ,..: l.l x lor'

Rel. to Ì(,B+rh,h,i.= 4 ? x 10's

Rel. ro *os.rh.*t.,,- 4 ? x l0'
Rel.roÈll.$.:ltxl0ro

Rel. ro t,,H+,h..,-.= 4.? x l0'
R€t. to lîl;.r," -l I x l0ro

Rel. ro l[].,.,. -l Ix10'.
Rel. toÀf1""." l txroto
Re.l. rcI'L Ìlxl0ro
Rel. roÈ'r :l lxl0ro

Rel. to *o|l+ ù,D'--4 7x l0'
RcLro*'L =ì lxl0r'
Rel. ro*!l :I Ixl0r'
Rel. ro Ìil;,ú = ì . 1 x. r0 r'

RcL to l*::-: r' I x r0'o

Rcl. to &1r :l lxl0ro

Rel. to ÈoH*rìFh.:4 7 x l0r

Rcl. to tl! : l.ì x l0ro

Rel. tot*' =I Ixl0ro
Rcl. to È:::".".= I Ix10"
Rcl. totELn.-r lxr0r

Rcl. !o LoHrù,,, *:4 ? x I0'

R€L ro toH-.,-".=4.? x l0'

RcL ro lon+ù^'E- 4.7 x l0r

9.2 [41]

[4r]

[41]

[2e]

l2el
[2e]

o.?

8.6

2

2

2

4.2

6-7
10.5

2

2.4

5.5-ó.0
8.5

10.6

2

7.?

9.5

2

[2e]
0el
[41]

[2e]
[28]

[41ì

t2el
t2el

[4r]
tnl
[2e]
[41]

tnl

t2el

[2e]

t2el
[2e]

[2e]

[2e]

[2e]
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PR cornp with CNS-
S irad. comp. with thymine
PR conp. wirh CNS-

PR product form.

PR comp uith COi-

S irad. conp. with thyninc

(1 1a 0.25) x l0ro

(? 03 0.6) x 10'
(1.410.25) x l0,o

l*(1.210.3) x l0'D

(2.2=0.5) x l0r"

(ó.6t0.5) x l0'

T^Ert ló. Si,rpl. plprid€r



TrsLE 16 Siav,/e rrr,rirLs -Continùed

Reactant l(M-rs-r) PH Rcf. M€thod Comrnents

glycylproline

glycyls.rine

g,ycyh yÌosin€

glyc ylvaline

hi!ddylhistidinc

(Ì.3t01)xt0o

(5.3a0.3) x l0r

(9 010.6) x l0r

(1.Ì É0.1) x l0r

(9.010.3) x t0r

2

2

2

2

I2el

[2e]

L29I

t2eì

t2el

S iFad. comp. $irh thyúin€

S irrad. colnp. wirh thymin€

S ined. comp. wirh rhyminc

S inad, comp. wirh rhymine

PR cornp. wirh CNS-

Rcl. ro ÈoH*,ùr.rD.=4.7 x ì0e

Rcl. ro Èu"*"-,-= 4.71 19,

Rel. ro toH{r,,,l-= 4.? x 10"

Rel. to *o**",-*=4.7 v 1ge

Rcl. lot-r' -1.ìxl0,o

trypsinog.n

rrypstn

rI: ó0 'C

Reactant

adeninc

adcnosinc.5-phospharc

dcoxyadenylic acid

(8.8a0.8) x t0.
(3.8a0,15) x Ì0,
(2.8=0.5) x t0.
(5.0-0.5) x t0,

(ì.75:t0.t5) x loe
(3.8a 0.3) x l0'
(42+n4)tto,

(r.25a0.12) x lo'
(3.0 r0.3) x t0'
4.0x loe

(1.37 i:0.12) x 10.
(3.5i0.3) x t0e

T+u Ii. Lnzynts

PR cornp. úrh CNS-
PR comp. úrh CNS
PR corDp- wirh CNS-
PR conp. wirh CNS-

PR comp. wirh CNS

PR comp- with CNS-
PR .ómn virh aNS -

PR comp. ejrh CNS-
PR cornp. virh CNS-
S irrad. cohp. wiù PNDA

PR comp- liù CNS-
PR conp. wirh CNS-

Cornrnenrs

Rel, to ft-,.:1.; x 1q'o

R€!. ro,lll : t.l v t0'o
Rcl. ro llr : t.l x l0ro

Reì. ro *hr = l.l x to'o

Rel.to*!r :l t^t0,0
Rcl. lol*r :ì ìxroro
R.l ròlEl :r rYrnro

Rel. ro tÈr = t.t x to'o
R€l.tol*r :t ltln'o
Rel. to te**"no^ = 1.25 x 16'o

2

6.5

2

5.2

2

5.2

2

6.4

t2e1

[2e)
[4e]
l,'l
t2el
t2el
Iec]

l29l
t2el
142)

[2e]
t29l

Rcl, b ,R'
R€|. to lEl

:l.l x l0'o
: 1.1 x l0ro

50

Reactanr

a.lcoholdehydro.

É(lt-rs-') PH Ref Method Comments

l6xl0rl

22xì0rl

1.4 x l0r!

î4.9 x lo'o

5.t x l0ro

1.86 x loD

4.3 x l0'o
.8.? x l0'o

t(8.2t0.?)xt0ú

(1.6=0ì) x t0"

(1.6!0.1)xt0,r

Rcl. t0 È,tr'. rND, - 1.25 x tO,o

R€I to *dr+o\ir:4.7 x IOD

R€l- to **r .,, : Ll x l0,o

Absolute. N,O added. No con. for
H-addit.

Rel. ro l'.1,.,.,. : l.t x 16,0

R"l ro *,,Í+,*,,.: t.2S x ìO'o

Rel. ro l*r*,," : Ll x l0,o
Rel. t0 tÈr*,," : Ll x lq,o

Abrolutc. NrO added. No corr. for
H addir.

Rcl. to l,)H+-,"*:1.9 x t0,

Reì. ro Èu,*.,,.,-:1.9 y 160

T^!LE 18. 
^l!.l"ic 

acid d.ril,Ellritqs



T^rj.l- lA. Nucl.íc e;J Jr"privo-Continucd

R€actent

(3.1a0.15)xìos
({.5r0.3)x10'
({.9r0.3)xI0o

(3 3a 0.3) x r0r

(4.910.5) x l0r
(4.6a0.5) xt0'

(2.5t0.25)xlo'

({.4 t 0.5) x loe

(3.010.15) x l0'
(3.8!0.3) x 10'

(5.0t 0.3) x l0'

7.6 x l0r

(a.?r0.5)xroe
{6n+0S)xloe

5.1 x 10.

3.9 x t0.

2.9 x 10.

3.9 x lo'

(3.?=0.2)x10,

5.2 x 10,

(5.21 0.2) x loe

(7.811.0) x 10,
(5.010-2) x 10.

(5.3=0-2) x 10"

.?.4 x toc

4.9x t0,

î4.7 x 10,

(?.óa t.t) x lF
'(?410.5) x l$
+(4.ót0.3) x lO.

o.2 x te
1.3.9 x l0r

f.l.l x tc

PR conp. wirh CNS-

PR comp. with CNS-

PR comp. with CNS-

PR conp. virh CNS-

PR comp. with CNS-

PR comp. with CNS-

PR cornp. with CNS-

PR comp. vith CNS-

PR comp with CNS-

PR conp. wnh CNS-

PR cornp. *ith CNS-

S irlrd conp. úth Pl,lt)A

PR comp. $.ith CNS-

PR eomn. sirÈ CNS-

PR comp. with fcrrocyanidc

PR comp. úrh fclrocyr.lidc

PR comp. with fcÍocyanidc

PR cohp. witù f.rrocyanidc

S irad. 106. of chrohophor

PR comp. with CNS-

PR comp. wirh CNS

S irrad. lors of chrornophor
PR comp. wnh CNS-

PR conp. with CNS-

PR product form.

S irrad loar of chromophor

PR comp. with ferrocyanidc
PR blcaching chEbophor
PR comp. with CNS-
PR bleaching of chrornophor
PR product fonn.
S lrrad- comp. wlrh PND^
PR product form.

PR product form.

Commentg

Rel. ro Ì"r = Ll x l0ro

Rcl. to l.L : Ll x l0r0

Rel. to /r"1,",.. = l.l x l0ro

ReL to Ìi',"".,. - Ll x l0ro

ReL to *"r - ).l x l0!o

Rcl. ro *"r = l.l x l0ro

ReL to /r"r = l.l x l0ro

R€I. b /r'L :l.lxl0'o

Rè|. to r:l*,." - l l x l0'o

ReL ro l*L = Ll x l0ro

Ret ro r[i. ,,, = Ll x l0ro

ReL to *r)Hrì^n\: l-25 x llr',

R.l. Ìo ltl""," = l.l x l0r
ReI to r;l;.,," = Ll x loto

ReL to l,rr*r.-,., ," -9.3 x lP

R€L to l,'H.r.-,,.- :9.3 x tor

ReL to l,'H*r.-,., ,. - 9.3 x l0r

Rcl. to 1,"'r',.^,,,n - 9.3 ;1 1gr

Rcl to crhlnol taking
i,!r*( .,,,,',: ì.85 x ì0"

Rel. to /f'!1.".. : I.l x 10'o

ReL to *'r = l-l x l0ro

ReI ro t,,H.,.,x. = 7.8 x lo'
ReL to Èd,,,.. - l.Ì x l0'.
RcL ro *^.' = l.l x l0'o

Abcolurc. NrO rddcd. No con. for
H ùddit

Conp. with mcthanol and cthanol.
Rcl. to [ox+cù.ox: I.85 x l().

Rel. ro lon+,.@y.r =9.3 x l0

^b.olutc. 
N:O .hd Oz úddod

Rd to l$l;,- x t.l x ì0'o
Absolut.. No corî. for H.!ddit.
Absolutc. No corr. for H.eddit-
Rcl. &, *od+n{D^ - 1.25 x lO'.
Absolutc. NrO addcd. No cor. for

H.addir.
Abcolutc. NrO rdded. No cort. for

H.addit.

cy6tosinc-5-

phosphatc

dcorycyridylc acid

cyiidine

2

5-6

7.4

2

5.2

'|.2

2

7.4

2

4.3

6.7

9

2

6 5-7.0

0.7-7.0

I
2

2

7.2

1

7

neul.
ncut.
9
u

[2e]

lzel
l2e1

I2el

l2el
[2e]

[2e]

[2e]

[2e]

L2el

l2e)

l42l

l2e)
l2e)

ts4l

Is4]

Is4]

[54]

[50]

[28]

l2el

tlel
t2el

t2el

[st]

Is21

t38j
1381

Is31

ts31

ts3ì
r4zl
tsrl

tsll

dcoxyguanylic acid

orotic acid

i.oorotic acid

dihy&oorotic acid

orolidin.

thyminc

5l



T^Dr.t 18. ,Vu.t"ic a.!d d.n,arù,.s - Contin ued

Rcaciant

dihyùoÌhymin€

thynidine

rhymiuylic acid
(amn. salt)

uracil

polyuridylic acid

(4.?=0.5) x td
î.2.2 x t0
î'2.2 x lo€

+4x le

(4.ór0.5) x t0'
(5.0!0.s) x ld
(4.610.5) x t(P

l'4.? x l0

't*2.1x tu

(4.3=0.5) x te

(5.310.5) x I0p

(5.Iro.?)xlF
î+(4.óa0 3) x lou

1'(4 0=0.4) x l0r

(5.3a0.6) x l(P

î.(3.8:0.2) x I(P

(4.0!0.6) x l0e
r.(4.3=0.2) x le

(1.5 
= 

0.15) x ì0

Comments

ReL ro /fii;,* -I Ixl0ro
Absolutc. No corr. for H'addit,
Absolute. N'O added No con for

H.addiL
Absolute. N:O added. No con for

H.sddit.

Rel to r'fi ,-.: l.l x lorD

ReL to r.1;l-,," = 1.1x 16'o

ReL to iÌl ." = I.1x r0ro

Absolutc. NzO addcd. No corr. for
H-addit.

Absolutc. N'O edded. No corr. for
H-addiL

ReL to *;1 ,-.:1.1x 19'o

Rel. to Èfj;"." = l.l x l0ro

ReL ro {fl;,-.: l.l x l0'o
Rel. to 4[yù - t l x l0ro

ReL to (il;.," : l.l x l0'o
Absolure. No corr. for H-addit-
Rel. ro Àffr 

- 
- 1 1x 16'o

Absolute. No con. for H.eddit.
Absolute. No corr. for H addit-

Rel. to {l;,.. = Ll x 10'o

Rel. to À-o'r*'',D^: 1.25 x I0'o

Rel. to &oÌ*hD^= 1.25 x loD
Absotute. N,O added No corr' for

H.dddit.

ReL to /*Ly." : l.l x l0ro

Rel. !o 4l;,.. = l.r x r0ro

Absolùte- No corl. for H addit.
Absolure. No con- for H'addit.
Rcl. to 4l;y... = l-l x l0ro

Rel- to *61;"-" :1.1116t0

Rel.to4L,-=l I x l0ro

Absolute. No corr. for H'eddit
Absolute. No corr. for H'addit.

Rel. ro &fiìiE,ai: t 1x loto

Absolutc. No corr. for H_addit.
(calc. per unil base)

ReL to *i;1,." - 1.1x 19'o

Ab6olui.. No corî. for H'addit.

{calc. p€r unit base)

Ret. to lr-l = l t x ì0ro

5-bromouracil

dihydrouracil

uridine

uridylyl3'à 5'
uridine (UpU)

oligoundylic acid

(4.8-0-5) x lG
(s.2=0.?) x lG
(7,3r0-9) x l(P

î'(?.4= r.0) x ld
(7.3i0.9) x ls

1.(6,0r0.3) x l0
ir(ó.5J0.?) x l0

(5.3=0,s) x loe
6.8 x l0

4.3 x ì$
f.3.ó x lG

(1.2=0.15) x I0P

(4.2 -0.6) x l0
f+(6.0=0.3) x l(P
l.(6.5=0-7) x ld

(4.3a0.6) x l0

(5.1to.8) x lG

12.4

2

5

7.4

7

t2.1

ó.5-7.0

ò.b
7

n€ut.

9

9
7

ó.5

ó.5

ncut,

neul.

t2el
t2el
t2sl
[5tl

t5rl

f29'l

Ía)

tnl
lze)
t4e1
t4eì
ts3]
tsl
ts3l
t2el
l42l

l42l
t40l

fs3l

ts3l
ts31

ts3l
[49ì

t4el

ts31

ls3l
t$l

ts3l

ts3l

tsl
ts3ì

ts3l

PR comp. with CNS
PR conp. with CNS-
PR conp. wirh CNS-
PR pmduct form,

PR product form.

PR conp. r,,ith CNS-

PR cornp. with CNS-

PR cornp. úth CNS-
PR cornp. with CNS-
PR conp, with CNS-
PR loss of chromophor

PR conp. with CNS-
PR loss of chrornophor
PR product forrn.
PR conp. with CNS-
S inad. cornp. wirh PNDA

S inad. conrp. with PNDA
PR prcd. forn.

PR cornp. with CNS-

PR comp. with CNS-
PR loss of chromophor
PR product forn.
PR conrp with CNS-

PR comp. with CNS-

PR conp. wirh CNS-
PR loss of chromophor
PR prcducr foíí.

PR comp. with CNS-

PR loss of chrornophor

PR conp. with CNS-
PR loss of chronophor

PR cornp. with CNS-

phosphatc (mlt"d)



T^!rr 19. lVucleic acid /e;rnridr - Cantiuad

Re-ecranr

2.acetrErido.2.dcoxy-
D-giucose

2-ecctamido-2-dcory'
D.gelectosc

,{'acetylglucoscaminc

2-arnino-2dcory-D'
gelactore (HCl)

chondroitin+
.u|fitc I

chondroilin{'
lulJet€ I

2.dcory-2'olfo'
.|aiteD.Slùcole

€rythrylol

glucoaa

glucuronic acid

D-glucuronalc (Na)

hcp!rin

,ù-dèlutrrtcd hcP&ir 8.0 x xr

[ss] PR corup. úth CNS-

t55l PR comp, Y'ith CNS

PR comp. wirh CNS-

S irrd- conP. with PNDA

PR comp. with I-
S úî!d. cotìp. uith thFninc

PR conp. *ith CNS-

PR comp. *irh CNS-

PR cornp. wirh CNS-

l ó2 x l(P

3.0? x 103

t.77xltr

8.0x lor

t261

tDl

[5s]

L50l

[5s]

tr5l

PR c0rr p. wlth CNs

PR comp. with CNS-

PR conp. with CNS-

PR conp. with CNS-

PR comp. wilh CNS-

PR comp. with CNS-

Commcnts

RGL ro tfiiúrù - r.r x lo'o

RcL to Ìfii;"* = l.l x l0'"

Rcl. to Èfi|*',, =I l xro'o

R€L to lÍil;úù : l l x l0'o

Rcl. to *;L,-= l.l i i0ú

RcL ro 4ìl-.-. - t.l x to'"
Conc =mol cqui"./liter
(l- cquiv- =a"crsge moì ú. of hèxos.

ùnit)

RcL to t4Íii.'- = l.l x l0'o
Conc-hol. cquie./Iirer
(1. cquiv- - averegc nol. wt. of

h€rorc unit)

R"l. io /{L,ù: ì.1 x l0ú
CoDc. - tnol cquir./lircr
(l cquiY. - avcrrg. mol- ú- of

h€rose unil)

RcL ro 4r ,-.= 1.1 I 1g'o

RcL to *oa+c.É.oH= l.&5 x lU

RcL lo los*r= 1.0 x l0'o
Rel to tos*'r" *-4.? x ì('

ReL to fl^ = 1.1 Y 16'o

Rcl. to 4L-. - l.l x loro

RcLtoftfil;-*-11416to
Conc.: mol cqùiv./litr
(l cquiv. = eY€rrge moÌ wt. of
hcro.c unir.)

6.8 x lO

2.t2 x t(|

2-0x le

lxI('.
t_9 x lu

3.09 x l(P

3.09 X lfP

3.? x l('

LJ'II

1.36.1

[s7]
ltel

tsól

tssl

t56l

R€actrnt t(M ' 
g-') pH Rel Method Commcntr

DNA .6 x tor

.óxlO

ì0|l

'1.3x lo,i

7

t2.4

9

15U

t5u

l42l

t341

PR product form.

PR producr form.

S irrrd. conp- vith PNDA

PR product fonn-

Abrolutc. N:o edded. No con for
H.sddiL Bas€d on mcan nùclcolid.
mol wt. of 350

Abaolutc. NrO addcd No corr. for
H.addit. Bascd on mean nucleotidc
lnol e! of 350

ReL to los+'r{D^:1.25 x too
(mol wL:5 x ICF )

Absolutc. NrO addcd. No corr. for
ll-addit. (rrol wt.:5 x l(F)

î^BrE 19. Cotbohldra..s utd relorcd conpou ds



T 
^Btî, 

79. Co'bohyd.rat.s a\d ìclated comDoundt--Co irù.d

Rcactant l(,tt-'.r ) pll Method Commcnts

by.luronic acid

hydum c acid
(sulflrcd)

Lcmt!à lulfar€

pctrtscrythlytol

dbo3c

ó_? x 10.

(r.3410.0?) x 10'

6.0x ts

?-8 x ltr

J.2X lV

2.1 x tF

(2.5a0.3) x l@

9

2

tsól

ts81

t:ròl

[42]

trel

[5s]

[5e]

PR cornp. *ith CNS-

PR cornp. with CNS-

PR conp. úth CNS-

PR cornp. with CNS-

5 irrad comp. \rith PNUA

S irr.d. conD. wiù PNDA

S iùrd. cornp. wirh thyninc

Rcl. to ftL*,.. :1.1 116t0
Conc. =lnol cquiy./ùr.r
(l cquiv.: evcrage mol wt. of

RcL to S,l;- = 1.1 )<1gto

Conc, = hol. .quir./lit*
(l cquiv. : everagc rDI wr, of
hcrc.c unit.)

Rcl. to t5l;* - 1.1)<16ro
Conc. = mo. cquiv./litcr
(l cquiv. - rvcr.Se rr|ol trt. of
herclc unir.)

RcL to {l;* = 1.1 116t0
Conc. = lDol, cquiv./lhèr
(l cqriv. = !'€l€rr mol wr. of
hctolc uni|-)

llcL lo /roD-cdnox = I .U5 x l(,r

Rcl. ro *or,6'o" = 1.25 1 16,.

RcL to lo||.6do-4.? x lot

T rll-r,20. Miscellotuou conpouads

Rcacrant *(ttt-t.r )

bcnzcDc lutronat.

eth . sulfonalr

glutamin€

Foly(Gthylcbc.
sutron!tc)

poly(styrenc.

!uuonarc)

nor-preudo-pcÌler.

tieíne'N-oryl
(NPPN)

sodiuh .ulfrclrrrnid€

sulfanilic acid

!ullallllamtdc

tnrcctonéùúrc,rry,
oryl

2.9 x l@

1.0 x l0'

(1.4r 0.15) x lO!

t.2 x t0'

3.3 x lo.

3.0x lct

(7.4= l) x le

8.t x lc

6.3 x l(F

(4.3a 0.5) x ì@

PR cótnp. úth CNS-

PR conp wirh CNS-

S inad. comp, wirl thyninc

PR comp with CNS-

PR colnÈ úrh CNS-

PR conp. $rh CNS-

PR conp. wiù COi

S irred, cornp. with PNDA

S irrad conp. wirù PNDA

s ft(L cohp. wttt PI\UA

PR conp. rirh COÍ

54

Colnrnent!

Rel ro ffi ".=1.1;16t0
Rel. to 16l"-" : 1.1 11gto

Rcl. ro ,<,'H*,r""r*=4.? x tot

Rcl. to *fi ".":l.t xl1po

Rel. to ,l4la,.i -l.l x loto

R.l. to lfil-"." - 1.r x Ì0'o

Rel. to *""*"*--4.1x 19.

Rcl. to È,"*^o^: 1.5 14 16ro
(Vdues intcrpolarerl from dara)

ReL to *r',oo^ = 1 25 1 1g'o
(Vrlu.! inrcnohrcd f'on dit!)

ncl ro *dl+r,tDÀ = r-25 x lU'ú
(Valucs intcrpolrtcd from dara)

Rcl. lo *o"*"or. = 4. 1 )< 16r

tsól

tsól

Del

tsól

t5ól

allc

tsól

t60l

tóll

dt.

tótl

tol l

tml



T *rt 20. M*cellaneoris corrpouad.s {ontinued

Reactant r(M 's-r) pH Ref. Method Comments

eorin dianion

indole

indolin.

l.methylindole

2.metbylúdolc

3.nethylindolc

l2.dimctùyli.ndolc

I J.dimcrùylindolc

2J-dirncthylindolc

tEethyliìdolc

tchloroindolc

s-bloboindolc

5.hydroryindole

5.netloryindole

5-omido indole

5.niuoindolc

5.cyanoindole

ihdolG.S.accîic ecid

2 x l0!o

l.{x lo
rl.?x t0' (t

+ó x r$ (ii)

'(1.6= 0.3) x r0 G)

'(r.tt0.2) x r0. (ii)

(r.3?=0.5) x r0o

(2.02:t0.14) x l0ro

(1.44r0.0r) x 10.

l'414 x lo''

1.05 x l0,o

(r.25r0.02) x lo,c

(l.ol =0.$) x l0'o

(l-26 r0.01) x l0r.

(1.6óÉ0.(b) x l0'o

(1.9rt0.06) x l0o

(t.57t0.r8) x l0,o

(l-6?a0.t0) x l0'o

(1.39a0.o1) x loro

(3.1710.31) x l0ro

ll.25r 0.24) x lotù

(1.0610.24) x l0ro

(0.?9J0.07) x l0,o

8.5

105

9

9.2

9

o

9

9

9

9

9

9

9

9

9
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t63l

tó41

t65l

t6ól

t6ól

tóól

Tóó]

t66l

t6ól

tóól

l6ól

Ióó]

t6ól

t6ól

tóól

[ó6]

tóól

t6ól

t6ól

l66l

PR cornp. úrh CO;

PR conp- wirh CO;

PR product form.

PR product form-

S inad. comp. with PNDA

S irl6d comp. virh PNDA

S irad. comp. with PNDA

S lrrad corop. wirh PNDA

S ind. conp. wirh PNDA

5 inad conp. with PNDA

S imd. comp. yith PNDA

S irlrd- cobp. vi!-h PNDA

S ilrarl comp. wilh PNDA

S irrad. comp. with PNDA

S irred cohp. úrl PNDA

rrad cotrrp. with PNDA

S irad. comp. úth PNDA

S inad comp. vith PNDA

S irrad. comp. with PNDA

S ired. cohp. with PNDÀ

S irrad. comp. witl PNDA

RcL to hH*cor:4 1x lo'

Rel. to *o"*o,-:4.1;a 16r

Absolute. Cornputer a na.lysis.

(i) clcctroD ùensfer r€lciion
(ii) OH.addidon

Abeolurc compurcr analysia.

0) €-lcclroD lr.nsfcr rcaction
(ii) OH-addirion

R€L lo trtTtophu
*o|r+!,,6cò- : 1.25 x l0'o

Rd rc rrlTrophan
Èor.o,'l"d-: l.25 x l0''

ReL to tryptophar

hH*È,n",ò-:1.25 x IOùo

ReL to rlTroph6n
loE+E,roò.i = 1.25 x l0ro

ReL to tryprophan
ÀoH+Èrbùr- 1.25 x to''

Rd to rryptophrn
&x+Èrn à-= l-25 x 10.

ReL to tryptophu
*on+rvroar= ì.25 x l0ro

ReL to tryprophan
fo|l+È"@rù- 1.25 x l0'o

Rcl. to lryprophan
Èon+ero*.n - 1.25 x l0r.

RcI to lryptophalr
Ào'|+ù,,i.,i!i: 1.25 x l0'o

RGL to tryFophlD
*ofl*r,ÉoÈ.,: 1.25 x l(}o

RcL to E'.ptophsn
t(,H+Èrúòr: l.?J 

^ 
lo"

ReL to rryptophan
*ot|+arro,, = 1.25 X l(} o

ReL to t4ptophan
f{|l*cr-rlù- 1.25 x l(}lo

Rel. b EyDroDhan
lorr+Èrúù - I 25 X l(}o

ReL to qatophan
los*o,"br-: 1.25 x 10.

Re[ to trlptophan
Èor*e,ooo:1.25 x l0ro
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constants, it is cvidcnl &om table 2l th.t EgÌ€em€nt
with vaìues determined by absoÌute methods is gen-

erally very good. Thero is little doubt attached to the
authenúcity of the abplute value of the reference
rate consÌant and, in rddition, the reference teac.
tion is a one-electron trtnsfer reaction in which both
the reactant (ferrocyarride ion) and the product
(ferricyanide ion) are ùable chernical species. We
consider, therefore, thrt the evidence to date justi-
fies thc acc€ptance ol this method ae a reliable
competition method for the determination of OH
rate conatants.
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