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T, INTRODICTION

fho title of this repnort is intended to bhe go especiglly
when the -anthor has made g small bt gincere attemnt to surviv
under extraording~v circimstances amidst a galaxy 35 dedicated
worker= in the “ield o7 Hlementary Particle Physics at the
Institnte of Mathematical Sciences, Madras. When a chemist
dares to snegk o7 'elementarv narticles! he unwittinglv re‘e: ;

Fal

to ither electron »r »nroton with a sense of smallness about
himself and a feeling o7 ~ratitude to the fellow nhysicist to,
whose over-croweed alhum fpese m rticles once belon-ed almost
exclusivelyv,

Two fundamental trans®er nrocesses utilizing the elementa:
particles, namelv, clectrons and »rotons that are of imnortance
in the chemical and hiolozical world are the electron transfer
nrocess that includes oxidation-véduction, and the pnroton tran:
fer process. Since the early dars o7 acid-base theories consi-
derahle amount o° work has becen done on the »roton transfers
and they are in a way generallv hetter understood than the elec

£

tron trans®ers. Also with the availaghility of deuterium inte-
restine stuiies made on the isotone e¢“fects in acid-base reac-
tions have contributed sicnificantly to our knowledge on nrotor

transfers in recent years.

*

electron trans”ers, however, was "or a long

0

The study of
time confined to generally exnerimental observations in the zas
vhase and in solids. Their stndv in solutions, particularly ir
aqueous solution, became mbssi“le with the advent of radioisotc
pie tracers. Althongh several systems, both cationic and anio-

nie, have been exnlored in 25054 kinetic thoroughness the geners
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nature of the electron transfer nrocess itsel® is the least
understood of the “undamental »rocesses in solution chemistry.
Attemnts to classi”y the electron trans‘er reactions as having
hizh activation enersy and high activntionrentrony on one hand
and those having hi~h activation enersy and low activation en-
trony on the other have not becen as success”ul as first thought.
More recently, hqvéver, the comnlx theorecical vrohlems associsa
ted with the mechanism 57 electron trans”er in solution are re-
cognized and nartial solutions attemﬁte& by somewhat artificial
division 27 the electron trans”er nrocess itsel® into three
successive stases, namely, the initial annroarh 5° +the reactants
the surmounting of the Tranck-Condon barrier, and the mechanis-
tic ma-t convincing to the conventional chemist., Great signifi-
cance is therefore attached to the work of Marcus dealing with
the “irst two aspects o” the nroblem and to that of Halvern and
Orzel on the latte». It ig thercfore the nurvose of this renort
to brie”ly survey the various electron transer systems in the
nariodic table and to comment on the current status of the theo-

retical develonment of the subject.
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A. Electron Transfer in the Gas Phase:s

The electron transfer nrocesd in the =gs phase was first
discovered in 1927 in their mass-dpectrometric measurements by
Smyth, Harnwell, Hogness and Lunn(1l). Kallmann and Rosen (2)

;) 9 >

apparently were the first to study a process of the tyne

+ . %
% No 4 Ny = No & No
\ - : o
= Ar + Ar = Ar gk Ar

in which a »mositive 1on is neutralized upon cdllision with an
atom or molecule resulting in the »nroduction 2f a new nositive
ion. In view of the historical narallelism hetween gas phase
studies on one hand and solution vhase studies on the other and

L3

their mutual internlay ‘ound in nhysiral chemistry it is inte-
resting to consider “irst such charge transfer nrocess in the
gas nhase between simnle molgcules bepore taking u» a similar
study concerning ions snurrounde? by a solvent dielectric. The
1la tter is more comnlic ated indeed. l

Ton-molecule or ion-atom collision cross-sections “or reas-
~tions of the tyne cited ahove are obtained »rincinglly from two
souréQS: (a) measurcment of the drift velocity of the ion in the
parent gas and (b) mecasuremert o7 the attenuation of the- ion
beam caused hy inelastic collision with the gas molecules.

Barlier work in this “leld has been sumnarized in the nroceeding,

N

S

of a symnosium on FElectron Transfer Process held at the Univan-

’
=

gity:of~Notre Dame in 1952 by Muschlitz and Simons (3), Horn-

beck (4) and Holstein (5), Horn bock comnares the hard srherec
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cross-scctions obtained from drift velocity measurement with
those obtained from velosity measurements for three gase-,

helium,®* neon and argon. In all the three cases the hard snhere

crogss=-sectiong were “ound to he several times larcer than the
gas kinetic eross-sections sucgesting that ion-atom or ion-
molecule collisions involve quantum mechanical symmetry effects
than a simple g2as kinetic rennlsion., Although the quantum
mechanical symmetry e”Tects gre rigorously insemnarahle they

fal

have bheen listed as A1) a Torce o7 resons

]

nce attraction, (2) a

]

o

Lorce o

£

resonamc e repiulsion and (3) charsge transfer, This com
plicated interaction to a good anprowimutroiis treated by the
hard svhere model of the kinetic theorv, The measured cross-
sedtion fTrom Ari’t Qolocitv data might well be called the cross
section “or resonance charge transfer. The simullmnecous transfe
of two or more electrons is much less »nrobable than single elee
tron trans”ers. Gurnee and Magee (6) considered this double
charge trarsfer reactions (Nett Ne = Ne + Net™ )
and such two electmn changes are well-known in solution chemis
R s T S % St e Sa T L Tl (7)) gives a brief
summary o the recent develonments in this “ield having some
bearing on the solution electron transfers.

The imnortance o7 the elecctron c¢vchange is recognized by
egarly investiegators (2) in the »nroblem »f nroducing ?aét atomic
and molcenlar heams., Amdur et al (R), (2) sweess™ully emnloyed
this technique “or obtaining the "ast atom collision cross-
sections. The mole 1lar beam method is very use”ul in the

o

investigation of the fundamental proverties of nuclei, atoms

®

and molecules.. The electron exchange technioue ns7"ers an

)

gdvantage over the conventional oven method “or the nroduct on
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of such beams in that heam that ‘s homogeneons in velocity is
obtained rather than one with a Maxwellian distribution. Elec-

tron exchange is also imnortant in many chemical reactions tak-

.ing place in flames, explosi®as and in gas discharges and in

understanding atomic and molecular structure of comnlex transi-

ent smcies.

B. Electron Transfer in.Solution Phase:

Simnle oxidation-reduction wméactions a~e known to the
chemist for a long time. The followinz are a few examples:
Pe(II) + Co(III) + TFe(III)} + Co(II)
Cr(II)  + Co(ITI) + Cr(III) + Co(II)
Sn(IT) + -Pe(ITI) + Sn(IV) + Pe(II)
Many such familiar oxidation-reduction reactions have heen
studied from the voint of view of their stoichiometry and ther-
modynamics and it is only during the last ten or fifteen years
their kinetics and mechanisms attracted the attention of the
chemists and nhysicists. Neﬁ exverimental techniques that
were develonad since the second world war also contributed
greatly to the study of *the kinetics and mechanism of redox

o
I

systems. The techni~ues of isotonic traces, «electron paramag-
netic resonance and nuclecar magnetic resonance are some of the

more immortant %tools. The isotopic exchange rcactions between

two different oxidation states of an element indeed provide most

.

of the exverimental dato» on electron trancfer systems of the

periodic tahle.




The “ollowine examples are sel”-illustratives

* D 3
Pt o+ el =t v Rt
2+ *34 oo "
v + V =L + V
%0 =
Eudt + EuOT = mEa T+ mEoOT

Cu(I)+-Cu(II)= Cu(II) + Ccu(I)

]

- V(IV) + V(V)
Mn0, + MnO; = MnOy + MnOg

V(V) + V(IV)

Fe(CN%6—+ e (CN)Z_ = Fe <CN)2_+ 7o (N g
Several reviews devoted to the closcly related subject of

the isotonic exchange reactions that contain use®ul information
on the electron trans©ers anneared in literature from time to
time and the “ollowing sources ave of interests Haissinsky (195¢
(10), Wahl and Bonner (1951) (11), Edwards (1952) (1?),

Amphlett (1954) (13), ZwolinskyMarcus (R.J.) and
Eyring(1955) (14), Roginsky (1957) (15) Stranks and Wilkins
QpR) (16), Basolo and Pesrson (195%) (17), Taube (1959) (7)
(18) Marcus R.A. (1959) (19), Stranks (1960) (20), Halvnern
(1961) (21) and Fraser’(1961) (22). It is equally interesting
to note that several resgional, national and international con-
ferences have been held concerning the tonic of clectron exchans
in solutions in one way or the other during the last deecade and
a half at several nlaces, the more imnortant being Brookhaven
National Laboratory (1948), Paris (1951), Tniversity of Notre
Dame, Indiana (1952), Memnhis (1956), Chicago (1¢58), Toronto

(1958), Gottingen (1959) and Newcastle-unon-Tyne (1960)




C. Experimental Methods:

Broadly sneaking great bulk »f the d2ta on electron transfer
systems in aqueous solntions comes from the isotonic tracer method
It is therefore n-rtinent to stuly in detail various exnerimental

methods utilizing this techniocue. Howevew», other nhysical methods

not involving chemical senarations as in the case of isctopic

tracer method also deserve mention. Tor example, measurements

of the rate of chan~e of dbtlcal activity have bheen used fto obtain
electron transfer rates nolarimetrically. In :2ases where the
electron transfer half-times are verv samall, of the order of
seconds and smallew, certain fast reaction techniques involving
flow methods in snecially desizned annaratuses have heen used,

In addition techniques based on nuclear maznetic and electron
naramaZneti~ resonance are also useful for measuring reaction

half-times in the milli and microsecond resgion and these techni-

‘‘ues will be discussed in each case.

Isotonic Exchange Mathod:

“

The is0tonic exchange method of investigating eleétron trans-:
fer reactions depends on the “3110Wing “actors: (1) the existence
of two or more oxidation stoates of an element which are stable
in aqueous solution and soluble over a résonahle range For kine-
tic studies, (ii) the molecular snecies in solution must be iden#
tical excent for charge and (iii) a radioisotone 5T reasonable
half-1ifa ahd known decay characteristics or enriched stable iso-
tope of the element must be agvailakle., It would be exnerimentall
convenient if the half-life of the radicisotope is far greater

than the half-times o the reaction we are measuring, Otherwise
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comnlicated deccav cévrccfions reauire to bevmade and this takecw
away the heautv of fhis mcthod.

The isotoniec exchange method is now so well established
that it is generally used wherever the ahove conditions are
satisfied “or learning about electron transfer systems. The
kinetics of isctenic exchange can be studied for a gsystem in
which the reactants are uniformly distrihuted in a single nhase
and the exchanging atoms are chemic%lly eqnivalent more readily-
than other comnlicated situations where two phases and chemically
non-equivalent in the exchanging'snecios. It is by no means
impossible even then, excent the observed rate data will be 4iffi
cult to internret meaning®ully. In any case it has been shown
(23), (24), (25), (11) that the radioactivity initially present
in a non-eguilibrium distribution is transferred from one species
to the other following = first order —ate law. This is obvious
from the fact in an ‘isotonic exchange reaction there is no net
chemical reaction and there®are the over~dil concentrations of

the reactants remain unchanged. Hence ‘or the nrocess:?

AX +  Bx* - AX*¥ + BX

the enthaloy change, AH = 0 and therefore the “ree energy change
® = -TAS. The entrony of the exchansing system at equilibrium
when all the isotones are uniformlv 4dAistrituted among thé reactan
is greater than the entrony of the initial state where the isoton
is deliberatelvy added and so not uniformly distributed. The
increase in entrony of the system is therefore the entrooy of

mixing of isotones and is accomnanied by a decrease in the Tree
w
giterey. This, the driving forse for an isotovie exchange reaction
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and the rate can he measurel bv following the gmowth or loss of
radioacitivty in eithe~ of the recacting svecies hy conventional
counting nrocedures after a chemicsl senaration is nerformed to
quench the reaction. Several senaration methods both physical

and chemical have bhecn digcussed at length in many standard tex
books (11), (26). 1In actnal nractice the snecific activity whi
is defined as the ratio »f the counting rate t» unit chemical c«
centration or g function of the chemical concentration, is gene

Fald o

rally determined as a function »f time, This then gives the
fraction exchanging in a certasin time t and the time “or half-
exchange t# is a verv important cxnerimental narameter in kinet

i

of isotonic exchange,

The "exponential isotovic exchengc law" as it is gcnerally
called is derived and discussed below taking a snecific chemica
svstem. The elcoment vanadinm has “our well-known oxidation stat

yor225  (JHD.36  y+4l.0  ygh
nurnle green blue yellow

and several isotonew with the following decay characteristics(2

NUCLIDE HAL?-LI7E DEC AY
23\14-6' 0.40 s /?.fe
v47 32 m /3+1.9
v48 16.2 4 F¥0.69; BC;¥0.99,1.32
1.04
VA9 635 4 5C; ¥0.119,0.081
50 > 1014 §
vol .. mest abundant stable
v52 2,96 m £ 2.8:¥ 1.4,

y53 . 23 n /’30.6;‘/
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It is obvious V48 and 749 can be uscd in a stud;
tonic exchange between any two oxidation states of the element.
Because of the radiochemicsdl aﬁvanfq e, V48 ~nrenared by Tid8
(d, 2n) V48 reaction has heon used, “or exaanle, as a tracer

in the following reaction.

Let the total vanadium (II) concentration be a and the total
vanadium (ITI) concentration b. Let also x and v represent the
molar concentration of the radioactive atoms of vanadium (II)
and vanadium (ITII) respectively thouzh negligibly small.

total vanadiun (II) = EY*{il%z +iv(112]‘= e [yf(IIZ} e
botal vanadium (TIT} = vx(111) +[ W(111)] = v, [P*(111)] = y

At timey, t =

X = Xag y = Y and Xoo /Yae = /a’b
Let the rate of the reaction between vanadium (II) and vanadium
(ITI1) i.c. the rate 2f elect—on transfer (at rcasonable acidi-
ties when all the ions are nresent mostly as V'T and VH*+ )
in dynamic equilibrium be R and the rate of anpesarernce of xb
be some Tunction »f a and b. Nois,

o

Rate of annearance o° x = Rate o7 Tormation of V¥(I1)
- Rate of destrnction to go hack to V¥(III)

Ax/at = (Ry/). (a -x)a— (Rx/a.) (b-7)
dx/dt = (R/ab) (av ~-bx)
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where
v/b s the fraction of reactions occurring with V*(III)
x/a is the fraction of reactions occurring with V*(II)
{g - x)/a is the fraction of reactions occurring with V(II)

and (b - y )/b is the fvaction of reactions occurring with V(III)
From the princinle of conservation of radioactivity in an ex-
changing system we have

Xag+ Jem = X + ¥
Substituting for y in the abcve we have y = Xp+ Xe b/a - X

dx/dt = R/ab (axg+ bXge -2%X - bx)
« B/ab . fa + b) (Kog~-x)

This can be written in a form suitahle for integration
%“‘?dX/(X(Jz: - x) = (R/ab} (a+ bﬂ dt

Integratiné and evaluating the integration constant by tsking

=0 gttt =10, ‘

- In (%o - x) =(R/2b) (a + b)t + C, vwhere C = — In X

- In (X~ %) + 1n x5 = (R/2b) (a + b)

- In(1 - x/5x) =(Rt/ab) (a + 1)

If x/xp the fraction evchangine is denoted as F we have the

exchange law inethe lovarithmic and the exponential form

R = -ab/(a +b) Ta (1 = )it Logarithmic form
) ) !
(q - &) exn  § -(a+b)Rt/Aabl Exnonential form
& 3

Since there is no net chemical reaction, B is therefore the

Eate ot randonization of the radivachtive tracer dand is a funec-

N

tion of the reactant concentrations and factors like acidity or
pH, solvent comnosition, lonic strength, tecaveraturc, added im-
purities, lisght etec. Since in anv singlc exveriment R remains

i ved 1t 1g geen that & »lot of luv(a - F) versus t gives a
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straichiline, This 18 called the McKaf plot  (23.) Ths

-

fraction exchange & is obtained conventionally from the specific

activities of one or hoth the reactants A, , A_ and 4,
being the snecific activities at zero-time, at time t, and

at infinite time resnectivelv. Any curvature in the McKay nlots
F= (A - A0)/ (A - Ay)

indicates denarture from ide=lity and they are treated accord-
ingly (11). Tigures 1 to 8 illustrate a series of proper}¥
nlanned experiments for the vanadium (II)~Vanadium(ITII) system
renorted by Krishnamurty - and Wahl (27). TFigure 1 is a semi

log nlot of (1 - F) vs. t from whic  +the t%+ can bhe read out.
Figure 2 is a nlot of t+ V3 recinrocal of total vanadium éon-
centration and the slope of unity indicates that the h%lf-time
inereases linearlv with decrease in total vanadium concenfration.
Ploures 23 and 4 areé long-log nlots of R vs., V(II) or V(III)
concentrations and unit slone agai_n~ indicates fthat the exchan-e
is first order with resmect to teach snecies. Figure 5 is

a seml log plot of the rate constant, k vs. recipnrocal of
temperature, a 1/T (Arrheninus nlot). The experimental acti-
vation energy 1s obtained from the slone by multinlying it
with 2.203 an? the oas constant. Trom the exnerimental activa-.
tion energv, €, . and the observed rate constant the entrovnv of

Fal

getivation , refered to a standard state of one mole per liter

a
]

of each reacting snecies can he calculated from the Eyring's

equation (28)

el +=
k = eKT/h . exp(-E5/RT) . exp» (AS /R)
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where
k i ohservaed rate constant
e s base of the natural logarithm
k - Boltzmann cons tant
h - Planck constant
E = eXoverimental activation energy
R = zas constant
T 5 temmerature K

Aﬁfi = entropy of activation

If the volume change on formine the activated complex from the
reactants is assumed to be nezligihle the enthalny of activa-
tion,[&H*:z Eg —~ RT . Prom this the free cnergy of
activation,AF can be calculat~d using the equation

. (.\FﬁzAHi TAS:t Figure 6 is a study of the
dependence of the hydrocen ion concentration and shows the plot
of k vs. 1/(H) The annearance.of an intercent indicates that the
exchange takes nlace by (a) an acid indevendent nath and (5) an
acid idevendent nath. Tgure 7 is a study of the denendence
of added chloride ion concentration and shows the vnlot of k ys
(C1 ~). Here arain the intercent zivns the rate constant for
zero chloride ohserved in the chloride ion catalysis of the
V(II)/V(ITI) svstem. ‘

If # =4 then t = t} and the arate of equation hbecomes the

1n 2 (ab)/(a +b)t:. The rate constant, k therefore

rate R
is 1n 2/(a +b)t: and we obtain the familiar "bimolecular
exchange law" X =k (ah), i.e. R =¥k (;V(II)7 [Y<III>_]

since the molar concentrations of the tracer atoms are negligible.
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4 detailed investigation »f the i5ntonic evchange hetween
two 41if%erent ovxidation states o7 ar element zives the overall
kinetic rate cxnression “rom which mechanistically the clectron
traﬁsfer nart c¢asn in nrincinle be searated. We shall now sce
 the samé in the .¢ase of Vanadium(II)-vanqdiﬁﬂ(III) how it :.s
fgoassible. Trom the numerous diagrams it is obvious the overall
;_rate law “or *his exchange is of the “orm

s L~V(II)} {V(IIIZ} {ka_+ ky/(H) +-kc(61’z}

- where the first teram is indeperdent of the hydrogen;ion and the
chloride-ion concentrations, T7 we dotormine the rate in Suffié

- clently acid solutinns where the hydrolysis

B mao e Vo R B (G- o0 a0 Y




is negligihle and alsy in chlori%o-greo_media the observed rate
v'iS'just the rate of eleetron transfer:

vty v —
It is therefare gdvisable while workinog with any system to study
the overall kinetic behaviour be®ore tryine:to extract the elec-
tron transfer part that is o7 interest to us here, This is
narticularly so while workinz with t~ansitional metal ions which

are prone to hydrolyse in solutions of pH> . 3 or 4,

Ranid Mixing and Quenching Technigues:

Whereas the conventional isotovnic exchange method can be

o

anolied to reactions whose hal®-times are greater than onc minute
or so, it 1s necessarv in the case of ranid isotonic exchange
reactions renorted in oa*lie? literatire as "immcasurably fast"
to develon technigues 5%¥ ravnid @ixing of the reactants and arrest
the Drogress of the reactinn by a rapid aquench-senaration tech-
nigue. Wahl and coworkers (29), (?0), (31), (32) successfully
develoned adaptations of the Hartridge and Roughton anvaratus {43
3

to Fllow the kinetics of  Im0F~ -~ 1m0 exchange, Ag*(I)--Ag(I

4o =
exchanze and the ?e*(CN)é ~=- T2 (CN)g exchange. The study of

fast reactions in general, inclnding the isotonic exchanze ones

D
it

0

3

cinating subject and a recent int

)
O]

national Colloguium

at Gottingen (34), and other sourcez (35), (36) (37) give invalu--

able collection of techniques since Hartridege and Roughton who

(@]

ol

"irst introduced in 1922 mixing devices to study reactions taking

n miliiseconds Tather than ainutes.

(o)
te

plac




Ontical Activity Method:

Dwyer and Gyarfas (32) aad later Bichler and Wahl (39) inde
nendently “ollowed the rat~ of electron exchange botwecn large

= = . o - =+ : -
comnlex ions like Qg(diny)2 and Os(dloy)3 nolarimetrically
. =% .
by observing the decrease in ontical rotation as a “unction of
: s ia - 2+ o ,. 3+

time a“ter mixing d-Os(ulny)B with l-ﬂs(alnv)3 . Polarimet-
Tic measiirements are zenerallv restricted to a2 limited number of
comnlexes which em re readilv resnlved and which are not too
highly colored to obscurc observation with the conventional
sodium lamn.

Rlectron Paramaznetic and Nuclear Maecnetie "Resonance Methods:

Fast electron transfer regctions with half-times 1092 to 10°

seconds in »nrincinle, can be studie? by these new techniques whic

are introduceConlv recentlv into the kineticist's armoury. The

electron naramagnetic rnasonance method or the electron spin reso:

nance method gs t is also cnlled was »articularly adanted by
eissman and coworkers (40), (41), (42), (43) in the study of
electron transfer in solution hetwecn aromatic.hyﬂrocérbon negg=-
tive ions and neutral aromatic hydrocarbons. This is the first
reported case of direcc exnerimental evidence for electron trans.

fer in solutions. Ward and "eissman (40) have shown recently

that the exchangoe:

Cigg  +  Cqoflg = Cqoffy + Cqoffg

takes »lacc in tetrahyd—-ofuran or 1,2-dimethoxyecthanc as solvent:

The navhthalene negative ion has 17 hy-erfiae comnonents in its

"electron spin resonance sneetrum extending 27.2 oersteds and

broadenine of the lines oc~ours with added nanhthalene., From the
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fvariation of the line breadth with the concentration of added
naphthalene a secomd order —ate constant has been determined in
the range ROT e 409 M~lsacsl Aenendine upon the solvent and
the nature of *ho positve ion, lithium, soiiqm,bnotassidm, rubi-
dium or cesium., Similar study has bheen maglc by Weissman and
Tuttle (47) with benzene, tolnenc, ortho-, meta-, and nara-,
xvlenes, anthracene and thoir vagnective ne-vative ions.

MeConnell and “eaver (44) were the first to develon the
‘mucleas™ masnotic resonance method for measuvinq‘tho fast elec-
tron t ranger resaction between Cu(I) and Cu(II). A detailed
theory “or this method has bBeen develoned by McConnell and Ber-
ger (45) and in »nrinecinle the me*thod can be extended to svstems
contain*ng an element with a natural isotone having a non-zero
nuclea™ svin, Though electron srin resonance and nuclear mag-
netic resonance are hoth varamagnetic nhenomena, the former is
observed kin the microwave recion. The latter however is obser-
ved in *the radiofrequency region recuiring onlv simoler detection
equinment., Tt was shown that if hyner ine s»litting can be obser=-
ved in the naramagnetic resonance of =2 solution containing a
nuclide in hoth a diamasnetic and a varamacnetic ion, then the
nuclea~ resonance line width of the nuelide is a direct measure
0 the lifetime of the dismasgsnetic ion. A determination of the
Cu-63 or Cu-65 nuclea™ resonance line width in concentrated
hyd4ochloric a~id solntions éontaininz hoth Cu(I) and CulII)
chloride leads to an cvalnation of the bimolecilar rate constant.

1

k = 0.5 » 108 M~ seer! This is by far the Tastest ex-

change reaction measnred in solution., Giulano and McConnell (46)

§

extenclsd the nnclear macnetic resonance method for measurinz the
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rate of clectron trans®er between (vanadium (IV) and vanadium(V)
from a study of V-51 resonance linc broadening in .6.5 f acid
solutions. Britt and Yen (47) mecasured the rate of the MnOij- Mn
electron trans®er reaction by nulsed nuclear macnetic resonance
technique and observed *that their results are generally in agree=

ment with these obtsined in an isotonic tracer study made earlier

by Shennard and Jahl (29).

. Bleetron Transfer Svstems:

In this section are given certain individual clectron trans-
fer systems in somewhat arbitrary way following the periodic
table., Other methods of classification as (1) cationine electron

transfers and anionic electron transfers, (2) electron transfer

betwecn simnle ions and hetween larze comvlex ions, (3) one elec-

tron transfers and two electron or many clectron transfers, (4)
outer sphere electron transfer reactions, inner snhere electron
transfers, or eleetron transferd via bridecd activated complex
and reactions hy uncertain mechqnfsms; have heen made carlier (48
(7) (21), (22) for groininz the exnerimental data. Allied to the
clectron exchange reactions we have oxidation-reduction reactions
involving net chemical change. These rcactions also nrovide in-
teresting information concerning the :lectron transfer orocess
amdare discussed under each element at the anprooriate place.
Table 10 lists kineti~ data and the isotopnic exchange between the
elements in two different oxidation states for guick comparison

and in this section each system is discussed in detail.
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V~l..'...2. T\T2+9:':2"‘ \734-:91_3.9 V02+:1:9 VO+

V(IIZ-;V(III)z Krishnamurty and Wahl (27) studied the kinetics
of this system using V-48 as tracer =and a senaration method by
which V(II) is compnlexed with 2,2'= dinyridyl and »nrecinitating
V(OH)3 . In 1.0 £ HC10,; snd ionis strength 2.0 the Trate of
exchange is consistent with the law, R = X [&(II) V(III{}

The exnerimental activation cnerev is 13.2 kcal/mole, and the
activation narameters arenH ¥ = 12.6 keal/mole, [§S¢i= -24.9
e.n, and AT™F = 20,0 kecal/mole.- The rate is unaffocted by
increase in the surface area 5 the reagction vessel, by the ab-
sence of ordinary dif“use light, by doubling the ionic strength
to 4.0 or by renlacement of NaCl0,; by LiC1Q for adjustment of
ionic strength. The rate is however, increased by lowering the

hydrogen ion concentration below 0.5 M and hy the wresence of

chloride ion. The rate data are consistont with the exnression

ko= k1 o+ ko/(BF) + k3(C17)
the values of the constants at 259 being
o = el e i
ko = O 2k ain,~"
= A
k3 = e 85007 Tl

A plausible interpretation of the three term rate exnression is

that exchange can oceur vis the three naths
ot
e LS IS
£ R0 k.
——
PR - -
| L




The first path gives the electron:-transfer nath between
+2 and +3 states o° vanadium and it would »e interesting to
comn=re with other 2d transitional met-~1 ions. Table 1 gives

comparision of the systems studied.

‘ -
COMPARISON O™ KINETIZ DATA TOR ﬁ%; M3 SYSTEMS

System k, £~ secTl . , kcal/mole AS*‘-,e.u Ref,
- p SR ot e 10_2 13.2 -5 (27)
Pt el Ky TR L e 9. -25 (21)
Gt Cot+t ~5 ' 12.2 -13 (100)
Bt G e B S g 22 ~—8 ((57)

The casc of Eutt -- ERut+t 1is omitted here in the table as the
: exchaneging electron is a 4f electron and the rate of exchange is
comarable to Crtt -- ort+t  gystem. As - shown in the table the
Prate of electron trangfer hetween vt and vttt is qreqter.then
the rate »f electron trans®er between Nrtt and “rt++ or between
Butt  and Tuttt but less than that hotween Ter+ and Fet++ or Cot+
and Cot*+ | The resctions listed here are similar both as to
charege tyne and tyne of electron transferred. Th~ general mecha-
nism is discussed senarately.

V(IIT)=-V(IV): FPurman and Garner (49) studied the kinetics of

this system nusing V-48 as ftracer and an ion-exchange method of
sevaration. TIn 9,5 to 2.0, acid the rate of exchange is consistent
with the law, R = k [Y(III)] [V(1v)]/ 7 Y] . The overall rate

constant
k = 4.5 x 10'2  oxp (-20,700/RT) sec.~1




It s V(ITI) that causes tha hyd=osen ion denendence arising

from the equilibrium

g e e T TR e x a6y

. . 4+ e
where as the V(IV) will he sresent as VO or g hvdrated forea of
+
this as V(0H), . It is thus »nossibhle to extract the sracific

. -

++
rate constant for the reaction hetween VOH @ and VO sk' = k/u

= 0,29 M socf1 at 09 , The cexperimental activation energy
for this exchange reac*ion is 10.7 kc=21/mole and ASF = .24 e.u
The mechanism might involve in addition to electron transfer,

Eal

transfer of eithe» hydroxyl groun or o2f »nrotons.

V(IV)--V(V): Giuliano and MeConnell (46) studied the kinetics

of this svstem 7sing nuclear maznetic resonance technique descri-

bed ecarlier., From a study of V-51 resonance line broadening the
rate of clectron exchange between »aramagnetic vanadium (IV) and

diamaonetic vanadium (V) in hich aecid anAd chloride concentra-

tions has hYeen measured., It is first order in V(IV), second

: ek =6 D
order in V(V and the snecific rate constant k¥ = 1.5 x 10 M
soc_.1 in 6.5 £ H" and 3 M C1™ . & tentative mechanism inclu-

des a ranid monomer-dimer cquilibrium involvine vanadium (V)

orior to the electron exchange as shown helow.
2 V(V) = (v(V))o
(V(V))o 4+ WIV) = (V(V))s + V(IV)
The large cxeess of chloride in which *he electron transfer

process was observed vorovides either chloride bridzinz or com-

plexing of the V(IV) and V(V) snocies to account “or such hish

Pates,




Oxidation-reduction reactions: Both V(II) and V(III) are nower-

_wfull reducing azents and considerable kinetic work has been done
ljlately using these inns. King and Garner (50) studied the oxida-
| tion of V(II) and V(III) ions bv nerchlorate ion leading to the
:fpollowing rate laws. -

—a(vTY/at = kg (V) (C104) - o, (VH) (¢10})

" and in the absence of V(II) ion _

- vy /et = k(v (0107)

| The ratc determining sten in the V(IT)--C10j reaction is renorted
» to involve an oxygen atom trans”er from CIQI to V++ or possibly .
an electron transfer “rom V' 1  to Cld; Bennett and Sheonard (51)
| very recentlyv revorted anonroximate rates for the following oxidé—

fRtion reduction reactions.
V(II) + Co(III) K, v(ITI) + Co(II) K. > 300 M 'sec?
V(II) + e(111) _% v(111) + Pe(11) K. > 10° M gesT!

1 1

Zwickel and Taub (52) studied the oxd#dation of V(II) ion by
several complex ions of Co(IIT) and concluded,unlike that of Cr
~ involves an outer-snhére mechanisn, Traser (53) extended this
% study in great detail.
Rabidean and Kline (54) studied the kinetics of the reaction
'fbefween Pu(IV) and V(ITI) innerchlorate media. The rate of the
reaction has been found to he first order in Pu(IV) and V(III)
j:"'.’each and both inverse “irst an? -inverse second
wiorder in Lﬁfﬁ] . The stoichiometryv of the reaction is

Pudt + VU + H,0 =R+ 28 + VOO




Vgénd the rate law is
f'; - a [Pu(1v)] /ot = x [Pﬁ"-*ﬂ vl ! oo E’uArﬂ [v3j‘fﬂ+l’2

Higginson, Rosseinsky, Stead and -Sykes (55) studied the

V(III) + Fe(ITI) -~ V(IV) + PFe(Il
V(III) 4.5 Ce(TTL ) wap FLIV) - ¥ -Co(II)

2 V(III) + | TI(III) w3 2V(IV) + T1(I)

2 V(III) + 2 Hg(II) +~= 2V(IV) + (Hg(I))
2 V(IV) & PITIT) ~#0 VIV) . TILE)
 and the equilibrium constant “or
: V(IV) + e (ITI) = (V) + ~PeliT)

Useful correlations betwecn the entronies of actiﬁation AS
ﬂ:found for these bimolecular oxidation-reduction reactions and the
:#1charqe on the activated comnlex have been made commenting on the
E?

as: - - e # - 5
Eepositive value of &S ° “ound in some cases--see Fig.11

 CHROMIUM -

gl s i
Cr e Crek"‘§§CrgO$

Cx(II)--Cr(ITI): Plane and Taub-(ﬁG) in their investiga-

 tion of the kineties of exchange of water betweecn solvent and
t’Cr(Hf2C02¢ fonnd Cret exerting a marked catalytic effoct on
'E the exchange., 7rom these experiments which »rovided an indirect
;'method of stuydine the rate of clectron transfer they given an
%vuober limit for the clectron transer %etween.Cr2+ and ge

25 0.028 M7 ', ain.|  Anderson and Bonnor (57) studied the kine-

§ tics of the Cr(II)--Cr(III) exchange using Cr-51 as tracer and a’
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novel sevaration method of converting Cr(IT)--Cr(III) exchange
chromiumZIII)-mealato comnlex which 3id not exchange with
Cr(H:20)2+ . The exchange is slow and hal®-times of the
order of hours were renorted. No chloride ion catdlysis was

EF observed and from the inverse “irst order dencndence of the
hydrogen ion concentration a rate 1aw‘consistent with the data

is ' .
R = k1(Cret) (Cr3%) + ko(Creh) (CTOH?+)4Where K1 and Ko

are given the values

1 1

k, = =0.07 £ el ena ko™ 2,5 x 10° £ url

The large value of Koas compared with k¥  is considered as

f plausible for an atom transfer mechanism for the acid devpendent

path via the transition states b
2 Or0--H--0Cr | 4+ :
Cr(H,0)%" + CcrroE™ {~ X § { L CrOHZT+ Or*(H,0)°
> | we B - ¥

The exverimental activation energy is 22 kcal/mole and the en-
Eroy of activétinn -3 e.l. |

Ball and ¥ing (53) renort hhe.rate of electron transfer of
Cr(I19--Cr(ITI)X systems, whewe X = ?1uoride,'chloride,bfqmide,
thiocyanate and szide énd bable 2 gives kinetic data along with

other related systems.
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G(IT)--G{ITT) SLECTRON TRANSTER SY.STEMS

Svstem k, M~ seer Ref,
B A e 2 x 162(24, 50) (57)
cr?t - crxomeT 0.66 (24.5°) (571
cr*t __ orw@ 2.6 x 107°(09)  (58)
cr*2* _. cro1?t 0.15 (00) - (58)
Or 2 - 4 -40zC1 ™2 x 10°, (250) (59)
cr#2t .. crmret > 60 (259) (58)
Cr*2+ _. CrN§+ >1.2 (250) (5%)
cr*2+ . epcs2t 1.8 x 1074 (270) | (58)
cru2t --  crxudt 8 x 107D (methanol) (500
(U =urea) i

B o Cr(NHz3) 5 FEF hes i inso ) (61)
cr2t oo op(¥H3)5 C1%Y 5.1 x 1072(250] (61)
Cr2* .- Cr(WH3)5 Br* 3,2 x 107 (250) (61)
Bret -- Ce(NR)e 12" 5.5 £1.5 (25Y) (61)

Cr(III)--Cr(VI): Altman and King (63) in a very recent study'

of this system not onlv confirmed Menker and Garner (63) that the
exchange between Cr(ITI) and Crf/VI) in acid solutions is immea-
surably slow but extended the same to measure the rates at 94,8°.

0 the basis of the rate law

B TCr(Hgo)%j “/3[-h20ro4 2/3 [W] }
>

S e




ok

they assume that the rate-determininz sten in the exchange is a
reaction of Cr(TII) and Cr(V), the latter being in equilibrium
with Cr(ITI) and 7r(YI). The cxchanse between Cr(V) and Cr(VI)
is gssumed to he relatively ranid comnared to the Tr(III) and
or (VT8 exchanze. At 94,80 and in solutions of ionic strength

1

v - -1
GRe> the observed rvate constants are kK =6,6 x 10 M sec, and

RN e sec71

Oxidation-reduction reactions: Since Cr(IT) is a powerful redus

cing agent several oxidation-reduction reactions are vossible.

The most interesting one is the Taube's reactions that has been
studied kinetically in detail in recent yecars. Libby (64) con=-
cludes that a sudden change in bond type from ionic for Cr(II)

to wovalent for Cr(ITI) apvlies to Taube's reactions.

cr2* 4 (Wm,)o00 12 + 5 H =5 M, + ort’tr co™

. Specific rate constants, .AH#: and AS;t are given in table 3 for
various ligands (L) used in the study of Taube's reaction.

KINBTIC DATA ¥OR TAUBE!'S REACTION

Reaction k, ' sect! temp. @ LHT A S;#
(kcal/mole)e.uRef.,
-~ Co(NHz)g H ,0°* _ 0.5 20 2.9 -52. (65)
-~ Co(NH=9)s5 092t 1.5 x 10° 20 4060wy ies
B coom;) 0n® FAb? s ee
-- Co(NFs)g 0pCCHS | 0.18 25.1 | (67)
. CO(NH3nsoQOCHgHF+ Crgenine 29.5 ' (68)

s
L
1]
G
9
¥
t
2
A%
ol
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Reaction k M cec, ! tem. , ko AH# AS#

: ’ (Kcilhmole) d.u  Ref
- co(vH3)5 0, 0OHO1ST 0.083 20,5 (68)
B coom,), 0, oowst 0i07 - 30.00 (62)
| /s 24
f -- Co(NH3)5 (H-succinate)”™ 0,17 14.1 (67)
jf-- Co(NH3)5 (CHj-suceinate?+O,17 25,0 (88)
! 2
f .- Co(NH3)5 (H-umarate) 0.75 14.3 7.5 B R (-

2+

=- Co(NH3)s5 (CH3-fumarate) 0,43 245 ~ (67)
" - :
' -- Co(NH3)5 (H-phthalate$ .06 14.2 5.1 -47 (67)
4 A S
-~ Co(NH3)5 (H-isovhthalate®) 0.11 14,2 2.6 -56 (67)
" . Co(WH3)5 (H-tereohthalat8'} 26  15.6 (67)
® .. Co(WE})g (benzoato)*™ - 0.16 27 (22)

- Co(NH3)g5 (v-aldehydo2*
benzoato) ~ 500 27 (22)

¥ .. Co(NH3)5 H-0xalate)* T 200 25 . (69)

:ﬁIn addition to thoge listed in the table very recently Fraser (29
'

ﬁtained second order rate constants ranging from MWiAP to 1.6 M~ Tgec?]

‘or the samé.Taube‘s reaction with the following ligands, L =n-sulfo-

yenzoato, o—hydroxybenzoafof n-cyanobenzoato, phenylterevhthalato,

fesylterenhthalato, nhenylfumarato, cis-cycloprovanedicarboxylato,

frans-cyclopropanedicarboxylato, amidofumarato, and diethylamido-

fumarsto.

Whereas the above oxidation-rednction rezctions are rightly

lagsified as innersohere reactions there are, however, réactions

) L]

] _ + .
gfith an outer snhere reductant such as Cr(dlnvg shown in table 4.

fie rate is sensititve to changes of pH

A
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TABLE 4

o+
REACTIONS OF Cr(DIPY)% WITH TAUBE'S OXIDIZING AGENTS(70)

Oxidant K, M alol! x 1072 temp., &
Co(NH3)5 Ho00+t 12€ 4
Co(NH3)5:D2 0°F - 48 ' 4
Co(NH3)5 c1°t 630 4
Co(MHz)s Bre? >107 4
Co(en)3+ ' 2.9 = 0.,F) 25
CQ(NH3)2+ 41 (p = 0.1) 24

Bnd lonic strensth., Zwickel and Taube (70) made a detailed study
of salt,ligand, deuterium isotove effects on this reaction and
nostulated a quantummechanical tunnelling orocess for the observed
electron transfer reaction. In sunport of.this a general comna-

2+ o 2+
rison of the rates between Cr(dipy )3 - Co(en)3 ander(diny)jf-
Co(NH3)2+is made. The bulky size of the ethylencdiamine (en)
molecule making tunnoiliné distances greater and consequently
lowering the »nrobabilitv for bo»rier wnetration. Hence Co(en )3
will react with Cr(dipy)§+1ess ranidlv as shown by the magnitade
of the specifid rate.costant.

Oxidation-reduction recactions invdlving Cr.(VI) are well-
known and comnlicated and it is not intended to dwell on this
subject here. However, it is interesting to mention the conper
catalyzed reaction between molecular hydrogen and dichromate ion
studied by Peters and Halve-n (71). At 110° the second order rate
@enstant k =1.5 x lo_and the exnerimentsal activation energy is

26.6 kcal/mole.
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Mn(II)-Mn(III): Adamson'(72) reneated some of the experi-

mentwy done by Polissar (72) in verchlovic acid and ~enorted that
the Mn*(TI)-Mn(III) exchanze is ranid but measurable (ti ca.
10-20 sec.). No furthe» work has heen done on this svstem and
at 25° the seccond order rate constant is estimated as «4 M1 sect!
Polissar'!s ohservation that the Mn(TI)--Mn(III) in oxalic acid
medium is fast may well be due to resvective oxalato complexes
of Mn(II) and Mn(III) narticipating in the exchange rather than
the uncomplexed ions. :

Exchange hetween Mn(CN)z‘ - Mn(CNé_'has also been renorted

as fast (74)

Mn(VI) -- Mn(VII): Shennmard and Wahl (29), have not only

success®ully measured the rate of this electron transfer when
other investigators failed but with their inzcneous fapid mixing
and quenching techniques studied the kinetics in detail., Mn-54
. was used as a fracer. The exchange reaction obeys the rate law,
iR = [Maéii] gan;j and the rate constant at 0° and in 0.16
M NaOH is-710 £ 30 M_4 seéﬁ The eXDerimehtal activation energy
is 10.5 kcal/mole. The rate is very little a”fected by the
nresence of anions. However, marked cationic catalysis has been
reﬁorted and the rate constants *ollow the order denending upon
:““the cation at constant electrolyte concentration. ' An extension
of the specific cation catalysis

1 - 1
KesoH > o > fweom = Spiom
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by Gjertsen and "“ahl (75) shows that the rate increases linearly
with the cesium ion concentration. A sugzestion that cesium is

the bridging atom in this anionic electron transfer system is made

D
[ oswno--os—-omnoil

Britt and Yen (47) studied the Mnof' --MnOZ exchange by
pulsed nuclear magnetic resonance technigue and renorte almost
the same rate constants (within~30%) as by the isotonic exchange

method. 1

3 =1
o +
k 5 = (1.23 £ 0.25) x 10°M gec.

io = (1.70 £ 0.22) x 10°M sect]

Mn(II)--Mn(VII) No further work has been done on this diffi -
cult system since Adamson (72) revnorted a r3 of 20 hours in 103M
solutions of the reactants and in 3M Heclo 4, Manganese dioxide

is nroduced in the reaction making measurements not easily repro-

ducible. However, a rate law
R = k {H+j1ao_1u6 [1‘/&12’*--]1’0—1.6 [Ivhl04 O O O 6

is indicated.

Oxidation-reduction reactions: Since permanganate is a
nowerful oxidizing agent scveral oxidation-reduction reactions
are nogssible. 1In a recent review Ladbury and Cullis summarize
all the available data on ncrmanganate oxidations,

IRON

0,44 o 2+ =0,77 0 3%+




o (IT)-Fe(III): No othe= elactron transfer exchange system

-

received so much attention as the e(Il--Te(l

—
e

T) system. Tar-
lier work includes conflietineg and econtradictory renorts on the
methods of separation and exchange hal®-tlmes. ﬁsing a chemical
mehhod of senaration Nahinsky (7€) renorted that the exchange is
comnlete in ~»5 sec. whercas Van Alten and Rice (77) using a
diffusion method of senaration gave a t$ of 18.5 %1_2.5 days.
Kierstead of (78) using the samec diffusien methed rensrted 39

o

days as the half-time for this evchange Betts, Gilmour and
Leigh (79) found that the exchange was complete in ene-half hour.
Linnenbom and Wahl (80) obtained different results when they
reneated Van Alten and Rice diffusion experiments and found the
half-time less than 2 hours.

Siverman and Nodson (R1) develoned an ingeneous chemical
me thod of senaration bs which 7e(II) is comnlexed to form Fe(diny§
while precinitating the Te(ITI) as *he hydroxide Fe(DH)5 . (c.f.
the same method was successfullv used by Krishnamurty and wahi‘

in the vanadium (II)-vanadium(IIL) exchange.). Using 7e-55 as

o

tracer the kinetiecs of @ (I1)--7"e(III) exmchange have been studied
in great detail by the same authors., Observed exnerimental rate

data flitted nicely into arate law

s ! - - - -
7 PRIE = 247 I
R = kq P2+ | [Pe3t] &+ iy [P | [Feom?t |

where k is nearly 1000 times larger than ky . The first in
the rate law can he interpreted as the direct electron transfer
- - L : . .
ra th between Te and ¢ ions and the sccond term suggesting

possible narticipation of -0OH bridge in the clectron transfer
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process or even g H-=atom transfer, About the same time Hudie an
and Wahl (82) made a detailed studvy of the kinetic of the excioa-

nge reactions between %e(II) and the fluroride commlexes of #e(1]

s 3 24 g
FeF , Te?g and Fe¥F3 . Tor the »nath involving ngT -~ Bell
they suzgest H-atom transfer mechanism as more i‘kely. To %est

the validity of the H-atom #ransfor mechsnism Hudis and Dodson %
(83) renmeated the rate studies in Dp0 us solvent £or the Te(IId)
-=-Pa(TII) svstem, A deceleration o rate by a factor of 2 in

Do0 was noticed for both the reactions:

Tl % AKm%
Fe?* meOH-t K |

suggesting that atom,*ranubp may be the case in the reactions.
In a further examina*ion of *this system Stutin, Rowley and Dodsor
(84) carried out the kinetirs o7 the chloride-catalyseéd exchange
between Te(IT)--"e{ITT) in 1
the kinetic isotone e?<cct, D0/ Uoo/“1/2 nearly the

same “or all the three reactions.

N =z
?e LNI + ‘?Q :)+ s, D 4
7T+ WeoETT
~ L i)
BT, L A Pl T

It is conﬁlﬁded that the solvent deuterium &sotopiec effect is

not of much value diagnostically. However, a possibility still
exists that all the threse resctions might »rocedd via a common
mechanism, perhaps H-atomttransfer, This can he questioned on

the following grounds. The equibibrium isotove effect,

‘kDQO/kHQO =2 found for the association reaction
T - 2+
g2t + Cl = FeCl




v
&
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is of the same order of magnitude as the kinetic izotone e fect
for the exchange reaction. Since the equilibriua does nkt involve
any net H-atom transfer or »nroton trans©2r and
kinetic isotovne effects are noticed in other redox systemes (that
do not involve H-atom transfer) it is not very likeiy that H-atom
transfer mechsanism is the case for Te(II)--Fe(III) exchange reac-
tions. . It can, however, be zrzuei that the observed solvené iso-
tone e fects may well be due to some st of "structure-breaking"

action of the various species differently pnlaced in the two solven

/

With a view to learn the immortant na~t nlayed by the solvent
Horne (85) investigated thne rate of Fe(II)--7e(III) exchange in
methyl alchhol, ethyl alcohol and n-nronyl alcohol, Sutin !'86):
in isoprnyl alecchol and Maddock (81) in nitromethane. The excha-

nge rate was markedly decelerated in the organic solvent as com-
pared to water., TProm a study of the absorntion spectrum of -
Fe(ClQQ3 in isovnrooyl alecohol and in water-isonronyl alecohol
mixtures Sutin(86) exnlains tﬁe observed deceleration of the iso-
tovic exchanze between Fe(IT)--7c(III) (kﬁf/ki—prop : 108)
due to a variety o7 causes: (1) comploxity of the exchanging
spvecies, (2) differences in th» solvent reorganization encrgies
for each exchanging svecies, (3) inability ofisonronyl alcohol to
play the same wole as water and (4) dielectric constant on the
equiljiprium ---
Pe(Hp0)2  + H0 = Pe(Hp0)g0HY'  + Hzo'

Lieser and Schroeder (8R) studied the Te(II)--7e(III) exchange
in solntions containing sulfate ion and renort strong catalysis
by the snl®ate ion. They also interpret the catalysis in terms of

a H-atom transfer mechanisnm.
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Horne (R9) made an extensive studv of the oxalat~ ion catalvsia
on this exchange with 2 view torstablish any differences in the
activation energies for varicue anicnic-catalyses reported ear-
lier. Oxalate ion was chasen “~r *+pig studvy bhecanse it is struc-
turallv more Ooﬁnlox unlike *the halide ions whose catalytic
effect has heen the subjeer of intelse study. The exchange is

revorted to be cataivzed by silver “ail. and by accetate, suc-

cinate and nhenolate ions,
Availahle kiretic data on the Te(II)--Fe(IIT) exchange are
shown in tarle.5.

Fe(CN)g' - ?G(TN)g‘: Wahl and Coworkers (31) (32) success-

fully measured the rate of this fast exchange reactions using
S SRy - O g . e ol h
Fe-55 labelled *e(Cﬂ)6 1on and a smecially desiesned adaptation

of Hartridee-Roughton ranid mixing aoJvaratus resembling the one
used earlier for measuring the fast MnCS -- MnOy  exchange.
Half-times as small as 0,07 sec. were measured reproducibly,

Prior to 3 detsiled kinetic study bv Deck and Wahl (31) factors

B
\
causing nearly 1007 zevo —time exchanze and other sengration

problems Wave heen systematicali s invewtizated by Wolfsberg (90).

of TO(CN)4_ into a

The separatizn
) L1 a stand-in carrier liks

mcthod
chloroform ta¢

t10n

(cN?gion. Deck (32) investigated the kino“ics in KOH solution ard

the rate law is

“ f‘\ N /*f""_. ﬁ N7 3_
H = k f.L‘G/C.N)E ,_! !‘Fe(ml)e 3

- A
In 0,01 M XOH and at 0° +he »acn constant k has a value 355 M °

secT!  The rate changes sharnly with the alkali concentration

on a e

.and there is a specific catalytic effect of Kk ion. Other smell

’




ions also are found t2 efhibit the catalytic effect.: In an ex-
tension 5¥ +this study King (?1) “ofnd that as little as 10-°M
N
barium iosn coneentration increuses the rate measurably.

xidation-reduction reacticons: Ozidation reactiong of

702t by several oxidizing agents, simple, comnlex and organic
peroxides as well as veduction reactions -° Fe’ by several re-
ducing agents are well sumnariZed by 9tr2nks (29} giving rele-

tic data. Ruoynolds and Lumry (92) cite several examples

)
D

vant kin
of ferrous ion oxidation in wa%er solutions and conclude that
water plays zn important role in thé reaction, In the hydroper-
oxide oxination of FeZ+replaconent of solvent c¢Arironment of

5

B50 by DoO nroduces an increase of 0.8 kcal/mole in the 4H 'value

and this isotone effect is tzken as evidence for the participa- -
tion of a3 bond cor*aining hydrogen in the rate determining sten.

The nronosed mechanism For FelII)--Te(III) exchange is not a
Yl

imple and direct electron transfer between thc ions when they

[ 4}

are in z2losest oroximity. In fact the evidence is in favour of

some tyne ©f atom or grcup transfer in addition.

KINETIC DATA FOR

System k,W'l secTt lem., O B 1/nole &ST Ref.
Ue?+ P ":T'e«?)'}' ﬂ.g‘? 0 ‘.:\ __2»:‘ (,3-‘ A
FeZ* -. PeOHZ* X 10o J 797 -18 (83
P2 - FeFot 9,7 ¢ 2,1 -21 (3°

o+ ) ol - ~ = = 3
Fe == el s g5 -9 (22)
Fedt -- TeCl2+ 97 0 3.2 .e4 (51)
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System k, “1 sae ! temn, . & kcgl/mdlfﬁs'#Rpﬂ
Pt .- Pl 15 0 9.7 =20 " (g1)
(9
Fo2i =« Fogy 2+ 4.9 Q 8.5 =2 g}
Fe2t ..  FeBrg' x 19 0 14 -3 (85)
e+ -.  TesCNet 12,92 0 759 =27  (93)
, +

Fe™t .- ' 'PetgONls 2.0 0 8.6 =28 (93)

2+ 7, 2" ?‘
Fe -~ felNg 1.8, 230 © 13.7 +6.8 (94)

o . - >
P .- FeC,04 7 x 10% 0 9.2 -14 (89)
Fa?t - Fe(Co0,)p ~+3x 100 0 e --  189)
Fez+-- Fe(o-nhen)3+1 2.7 ¥ 10% 25 ~0,8 -37 (36)
me2tt.  we(mDTA ) <2 x B Eag - --  (98)
Te2F_. me(dlm) 2,7 x10% 25 e - (57
624 -- *e(dlnv)g 2.5 x 10° e S
1?'e(c’v;- me(CN)E” 2.5 x 107 4 4.7 ' .-32 (32}
Fe(o=phan )ﬁ" Je(o—ohen)§+ >10° 0 -- -- (39)
Fe(Megeﬁhad. - We(meo-nhen)8+ > 92 x 104 0 - - (97)

o - 3
Fe (EDTA)  -- Fa{EDTA) > 10 0 - - (95)
Fe(Cglg)o-- Pe(Cgig)h >10% 0 —- e (98)
3 2
Fe(t-nhen)§+-- Fe(d-diny);+ >10" 25 - - (929)
o

Fe(dioy)g$ - ?e(D—ohen)g+ > 108 25 -- - (99)
Epy = 2,21 d yrldvl _ n-nhen =5-phenyl-1, 10-
d-dipy =4,4" ﬂ1mnthrl J,O(_qnnfwjdvl t-vhen =3,4,7,8-tetramethyl

1, 10~phenanthroline

ADTA =ethylenediaminete-
tracetic acid

o-nvhen = 1,10-phenanthroline




4 very elegant rapid-mixing-"low-techninue counled with
snectronhotometric snd agutomatic recording services has been
develoned very recently hy 3utin and Gordon(36) fTor the study o’
certain very fast oxidation-rednction reactions. The oxidation

2 iz %t ~ e
of Fe by He(o-ohen)5 in 6.5 M H7104was shown to be first
order in each snecies with a specific ratec constant k®3.7 x

4 -1 i LT REP e e P : + +
19 M sec, at 25- . 1Interestine correlation between the
free energies of activation (AT and the standard free energy
changes (A™ of several oxidation~reduction reactions invol-

ving F92+ is made. Wig,9 shows the linear relationship between

OFF and AFO

\

&
4.7-
__(0 * Jv‘ [} ! 7S] ! \ \ 1 i
2 -8 -4 o 4 8 {2 [ 20 24

e, koo
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fig.9 -FRRE ENERGY OF ACTEXQg;SN vs. STANDARD HREE ENERG'

Oxidation of Fe(II) by various oxidizing agents: (A)Fe(o-p!...
(B) FeCE* ; (G)Fe’t (D) 2,6-dichlorosemiquinones; (E) POl =
(F') benzosemiquinone; (G) tolusemiquinone; (H) durosemiquinoue
Data from Stuin and Gordon (36)

From the linear relation between AF:Fand &°4 annears
that the reaction ofFe(H§3§+ with Fe(H:pfz— is somewhat slower
than exvected while the reagction TG(HEQ%+' with Fe(HZO% oH°t seems
faster. This has been exnlained earlier by Hudis and Wahl (82) as
a svecial case becaunse of the Formation of a symmetrical activatad
complex resulting in a higher probability of H-atom transfer and
greater exchange rate. In any case Fe(HgOfg' - Fe(H20)5OH2+
vroceeds by a different meqhanism, ; ds'

o .
[}Héo)5--Fe++--o-—-H----o--Fe* --(0H2)5,[ |

Ford-Smith and Sutin (37) observed similar linear relation
between AJ?# andaf® for g variety of Fe (II) oxidati on reactions
by substituted 1,10-phenanthroline, 2,2'-dipyridyl, 2,2',2'-
tripyridyl comonlexes of FQ(III).

Gordon, Williams and Sutin ( ) studied the kinetics of the
oxidation of Fe(II) by %g(o-nhen)§+ kg (dioy)%; Ru(dipy)’j-;v+
Os(dinyi; and_IrCl%— in Hel0y and HgS04 solutions. Table 6
gilves a summary of rate constant data on the oxidation-reduction
reactions of Fe(II) by varicus oxidazing agents The reactants

U e

listed in the table are generally substitution inert and it is

likely electron transfer may nroceed via outer sphere gctivatoc
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comnlexes. It would avvear therefdre Marcns theory of electron

transfers, ~an ke applied in the case (see vnder theories of

electrdn5~
TABLE 6
KINETIC DATA ON OXIDXTIONﬁ?EDUCTICN REACTIONS
Systém i Rate constant
| .k, M1 sec.,-1 (250)
A Ag(o-phen)§+ 1.7 z. 10°
CoFet o ig(aioy)2t 1.4 x 106
melt . Ru(dioy)3+ “el 7.2 x 10°
: 3
+ 3+
?eg -- 0s(diny)q 1.4 X 103
Fe?t  -- Irc12- 3,2 x 108
O
o4 3+
Os(dipy)” ~-- 7 (0-nhen)> >10°
, 3 3 |
' 2k oyt . 8 e
e ( p~ - ; 2
Te (p Dhen)g Ru(dlmy)3 | > 10 fé,
o 2-L e ] ;+ : 8 b
Fe(n—mhsn)z o Ru(dlpy)5 > 10
Fe(CN)g—F- Os(diﬁj)§+ ' - >108
- 3+ S
Fe(CN)f -- Fe(o-vhen), : : 108
:) L&,
P 4~ B D 5
Fe (CN ow RXCLE o . 4.% x 10
4"' ! . '.“ - 4
Ch - VW@ ’ ! o K
Fe( W)6 B 2 i 1 3 10°
Re(eN)?" Lo 05017 1.8 x 1071
6 aEl
dipy = 2,?'-5inyridy1 o-vhen = ortho phenanthroline or

. Sk, sl - = 1,10-nh.
n-phen =5sphenyl~1, 10-phenanthroline
t-phen = 3,4,7,8-tetramethyl-1, 10-vhenarthroline

Data from Gordon, Williams,and Sutin (99)




~
0 e s

Co(II)--Co(III): Bonner and Hunt in a rccent »aner (100) re-

nort comvlete kinetiz dats on this exchange reaction studied ear-
lier by the same authors ‘101). The tracer used was Co-60. The
system resembles very much other M(TI)--M(ITI) systems and the

rate law is

- LY i i
foo(rn)} [oo(zTn)] $29 + Ko/ fBFJC
¥ L il

Enl B H0104at 3.2° agnd ionic st trength unity k4 and ko are 50M !
nid) and Q.QBWJmiﬁ? resnect:vely. There is an increase in the
rate with ionilc strength increase. The exnerimental activation
energy is 12.2 kcal/mole and AS* = .13 e.n  The over-all rate

is one-half- as *fast in DQO as inHgO., Other cobalt(II)-cobalt(III)

Fal

electron transer systems ave listed in table 7 for the purpose of
comnarison,
TABLE 7

KINETIC DATA_7OR Co(II)--Co(III) EXCHANGE

Satem_ k,ﬁn . tean, © By kcal/moleAj#;Réf.
Bo(ll) == Co(ITI) Ca. 5 25 13.2 =13  (100)
cO(en)g*-- Co(en)§+ E xag7d 25 13,7 -39 (102)
2+ ok -5 R

Co(NHy) "=~ Co(NH ) 5.3 x 10 50 1.5 -46  (103)
6 3°6
eQ+ : . ATT £ { -5 = :

Co(NH’B)6 in 1iq. NH, 6 x 10 25 23 -10  (104)




Systen k, 1 serT! temn. Oc Eakcal/ AS:F HE £

LA, oF :
g8 e - (H D) ~-
®$§ggkﬁ ) (H 0)3* Tahbe K ™% a0 13.83 -43 (105)
3 5 2

3. o
4e c oy 9xTOT 25 —- --  (108)
00(0204)8 Co( 204,3
2- S < =3 o eiat i 086
€0(Cg0,)5 ™ == Co(C50,).7 1.4 x 10 25 (106)
+

Co(diny)§+'—— Co(diﬁ”)g 18 45 i - (107)

S+ 2% 5 (107)
Co(o-ohen)q - Co(o—nhen% 4.5 20 - - (

Co(EDT 8%~ Co(EDTA)” a2 x 1077 o5 22 -17  (95)

Electron transfer between the smmine comniexes o7 Go(I1) and
Co(IITI) has been the subject of irtensive and extensive study
since 1949 when Lewis, Coryell and I-vin (102) first revorted the
differences in the exchahge rates in the Tollowinz €losely rela-
ted systems.

2+ : 3 -
(1) co(nE )T _o CD(NHQ)S £ S B0 dave

3 6
ey 3+ i .
(2) Co(en)q --Co(en), t¥  2-50 hours
2+ - . .
(R) Co(en)% -—CO(NHQ)E ta a few minutes
e =76
2 + S+
(4) CO(NH9)6 e co(en)Q t¥ > 500 days

Aopelman, Anbar and Taube (102) cxtended this study using Co(NHz)s

H 03+to see 1T a built-in brdginc groun might facilitate ranid

> S S >

electron transfer. Very rccently, however, 3tranks (109) made a
significant contribution in exnlaining the electrdm exchange bet-

ween the various systems involving cobalt ammine comnlexes,




Electron exchance betworn *the oxalato comnlexes »f Co(IT)

and ©o(ITI) " has been summarized in a recont review by Krishna-

o

murty and Harris (119). rom 3 kinetie stuly o this com»nlica-

ted electron evehean=se nrocess Dainton,Laurence, Schneider,

Stranks and Vaidva (198) »n=910sed a mechanisa involving

Par! t9 exnl

texternal electron trans ain the nhserved isotonic

cxchance and an 'inte~nal elecktron tr=anser' tn account for the
s

L -
thermal decommosition »f uo(C?P )3

4

Nal

Ootical activity metho? of studying the kinetics of elec-

o

tron transfer, dase~ibed carlier, has heen success®ully anonlied
< 1 - ~ ™ T 2 =g
by Yong Ae Im and Busch (111), (112) “or the system Co(TDTA)

-= Co(EDTA)"™ . The second osrdsr ratae constant “or the electron

-1 1

z Frlel Pt S R ; 2 - o)
transfer obtained in this study, k = 1.4 M e at 100

-1 h“.-l(oxtranolatod tos 1009

agrees well with the valie of 1,1 M
renarted by Adamson and Vorres (95) earlier by an isotovnie
exchange me*hnd nsing Co-60 as *race», Yong Ac Im and Busch
(112) evtended the ontical activity method “or measuring the
rates o electron transer to a new svstenm, 50(PD“A)2' --Co(PDTA)"
where PDTA ghtands “or »nronvlencdiamine tetra gcetate. Useful
comnarison 1s made hetwecn the ahove twn s7stems and a novel
method of resolution ha= heoarn suzgested. Tsing the same ontical
sctivity method Dwyer and Sargeson (114) very recently studied

2+
the kinetiecs o° the slow slectron “rans”cer hetween Co(en), and
. ]

3+ "
Co(en)Q which was the suhject of intensive investigation by

earlier workers using the radioiostonic method.
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Oxidatisn=rediicetion rcactionsg: The ion Co is such a

nowerful oxidizing a~ent that it Aeccomnoses water readily and
tho %inetics n° this rea~tion have henn studied bv Bawn and White

(115) in dilute HC1N solutions. Some hundreds 57 comnlexes are
4

known in which the + 12 oxid-tion state 27 cobalt is fcgndnore
stable than the corresnonding 47 state. Some of the Co(IIl)~
comnlexes are eanally 2007 oxidizing avents and it is Tascina-
ting to stulvy the oxidation-reduction -eactions that nrovide
wealth of Aata on the “undamental elactron transfer 5rocess.
Rerently Taube and his coworkers renorted a number 57 interest-

. ! T : ;
ing reactions »f Co(NHg)q L with such nower"ul reducing agents

S

as nrot y2t mus T

: o . .
’ . Cr(diny)=T and V(dlny)zﬂ'as nart of @

{ 3 3

nrogram to.loaﬁn ahont the electron transfer nrocess and the
activation effects *hat accomnanv the reaction (18), (116), (117)
(118), (119). 4 “ew illustrative oxamnles on the oxidation-re-
diction reantions are shown in table 8. Data on Taube's reaction
are given under 'Chromium' in tahlé 34

KINTTIC DATA ON 0XIDA"ION- 3EDUCTION REAC TIONS

System k,M‘lgonfl Temp., °C Rof .
(0. IMHC1Q) 3 x 1077 20 (115)
2 A 20 (120)
20 . 22 (121)
5+ 107° 0 (122)
Ea 10 0 ( 51)

S H 4!! N e —



. = - .
System k, M~ seel - temn, °C Ref.
CoNHE - fa= st 5500 0 (51)
Ao(ITT) == V(IT > 200 (51)

0
Co(IIT) -- OCr(II) > 200 0] (51)
0

Co(C,0,). =-- Te3¥ ~ 1000 20 (123)
RELATIVE RATES
| (Data taken from Zwickel and faube (52))
LI 2 2 : 2
Oxidizing or>T vyt Cr(diny) *
azent 9

co(NH3)3+ ) X B 1 1
T " 3+ ~ 3
CO(”H3)5HQO 6.0 x 10 135 91

2
Co(NHy ) gOH T zx 1010 <107 50

3
Co(WH,y ) 012 T >10° 1.6 x 10° 1.5 x 10

Cu(I)--Cu(IT): MeConnell and ‘feaver '(44) studied the

eloctron transer between Cu(T) and Cu(TII) usine the nuclear
mazneti~ resonance nmethod. " deteraination of the Cu-63 or
Cu-65 (whose natural ahndarces are 67.1% and 20,9% rospectively)
nuclear resonance line width in 12 M HTL eontaining hoth Cu(I)
and Cu(II) chloride ecomvlexes leads to =n avaluation of the

Aar AR 0.5 ¥ 16 M) sec=d i
second order matesemastant, k=0.5 x 10 M - sgeec.” ., 1t iIs




di*°icult to obtain the —ate congtant betweent” the  meomnlexed
iong and therefore what is measnuraed in this study annarently re-
o

fers to internal electron transfer within the interaction comn-

lexs

(In 12 M 71 con-er ions are »resen

cr
!
«t
g
@)
@]
)
|
Q
=3
.
Q
O
0
Q
=]
3
[t}
0
s
6]
9]
e

~ e 2"'
f.uCl2 ani 01014 )
STLVER
-0,80 -1.02 -2.1
Ag==== Agk==== Ag2te---ygot
A (I)~-A2(TT): dordon and "'ahl (?)) studied the kinetics

o0f this “ast exchanze nsing 17-11MMas trace~ and a sneclially

desizneqd ﬂqﬂiﬂ;ﬂi?inf, "low, =2nd quenzhing techniqnes “or mea-

su7ins half-times in the range 2.1 to 1 sec. In 5.87 M HC]O4

the evchange hatween 19(I) and ﬁ?(II) obeys the rate law,

. .

R =k Lﬁq(II)J_ . The sceond osrder rate constant k =1020
+ 40 M=18e231 at 0° and the ovne<imental activation energy is

12.5 * 1.2 keal/mole. Np evidance “or direct exchange of clec-

tron “rom {g(I) to i2(II) 1is “o'nd and the —~ate data are best

intern-eted ry the following mechanism:

2 Ag(II) = 1g(I) <+ Ag(III)




A7

The rate of oxchange ig *havreavn the =atea. o thi
The > of exr 120 , iy e 7atn S

0F this »eactisn (in
the onnasite “irection) at equilihriogm,
Oxidation-reductisn rogetiong: Noves and cowonrkers (124),

+

studie? *he oxidation of 12(I) in nitrin acii solutions hy ozone

and the decomnosition 9° wate- by w2(II) in acid solutiosns., In

both the stniing 12(I7I) has raon consida«ed 73 an intermediste,

10LD

Rich and Taube (125) in +heir stu?r o7 the uncatalyzed
exchanee 57 017 and iuﬂli on the osther obhta‘ned evidence “op the
oxidation stqto-lu(II) 35 resnonsihla “ar the ohgerved catalysis.
It is also nostnlated that W(IT) may oxist in equilitrium with
1a(I) and 4u(ITI). Ry an indirget dalanlgtion a lower limit Tor

8 =1

the A(II)--1(ITI) oxchan~n =ate ~ongtant ig ~iven as ~10° M~

MinTtl w5 farther work is svailghle, X

Ho(I)--He(TT): Wolf eane ard Dodson (128) gtudieA’ the kine-
tics of the isotonic cv-hanze Hz!T)hetween H2(I) and He(II) using
H2=-20% as tra~er and in the "resence »o° 2vanide ion. 1In HC104
and in the ahsence 2° cyanide isn theso altthors also noticed
comnlete exchanse as +eno"ted egarlie= by Haissinsky and Cottin

(127) and .by King (122). Tsine picrolonie acid or ~hloride

W

as

the »recinitant *for He(I) a chemical sena=ation has heen develo-

i

ped. In the solutions containine g »~ovinatoly equivalent amourt

9] £

cyanide to the Ha(TII) tha -ate is “ound to he “i-st ordor in

— ~—
. . o ey r~ ~ -~ g’



A9
Hg(I) and in "e(IT) Howevor, 1t ‘s donendent on the cyanide

ion conzeniratian and vers mnch less oan oH in 4 late aride solu-

e

tion. The speni®i~ »ata apnstant (“or a solution ~ontaining

O

enuivalent amnunts »° 2 (IT) anAi CW3 is 5,7 x 10 M sect

at 0° and +he oxperinmental a~tivation _ener~y 14 kcal/mole. The

e

2+ 2
{ TF '

¢ :zhange of ancomnleved Fz " and W22  ions is comnlicatod by the

g . " 2%
dismutation o HqOJ )
Bt s, e B 3
Hgg > He Hg

and the exchange i3 ~ongifa=ed ta he tos ra»nid “ar measureaent,

V dismutation constant 5.5 x 1077 ° has hnen renorted for this
, equilitrinm by Moser and Voiot (1729), 1 Aisgsoc.ative atom trans-
fer mechanism annaventlv avalains the H=(I'--Hz(I1) ranid ex-

change inthe a*senceo -~ 2yanide which causes the deceleration

effect pverhsns vig comnlexation,

Hﬁg‘ﬂ — Hg & + Hz

2t
He*2+ - -+ Hg ~= (Hzg*Hz)
U B+ + Hz¥*3+ - pexo+ + Hg2+
2, 5 ‘
CERTTM
2,49 w5
. - - -

~_ R € b

O b e = o TR !
Ce(ITT)==Ca(IT): Linnenhsm and ""aal (89) nsing eclectri-

cal migration methods and "e-1471 35 tracew renorted that ccmp;

lete exchanga nennrre? durine tho time »f senaration, Gryvder




1.9

and Dodson (1237), rioticing ~omnlrtn exzhange by a 1i°°usion
4 n N P A A 5 i
method 27 sonaration, doveloned a *hemical sewa-ation technique

1ol lams s e 3 £ 1 n s
1nNvolving the extraction of Ce(IV) “ronm JTOQ solutiosng into

L
diet + g0 5 o et 7o = < S = i
diethylether, txchanze hal®=*imas wore "niand 5 he HF the orde-

tic stulies were made.

HNOA 81t iong Dnog@as amd  Tyes @
In 0~ shlationsg Jrvydar and 1013557 “o9ind that the rate of

27 minutes snd in H7104 and HMNODa  =in¢

()

o frioe S LS PO ? - TTT)
e¥change to he “i=st ordne in kath % l(ITT) and 2~ (IV) concentra-

4
4

ions and inverse sarnand a«3nr wi "ng
tions and invarge genand A=4, with ragnact +5 thn hydrogen ionn

conecentratian, The +ate law

R 'KBxiuujﬁzumj;%ﬂ“&ﬂw}gamﬂﬁkan]

—_—

+he 1 g ~ Ay e i
and the overall rate ~onstant k(") minzl ) ig ~iven hy

e o i é 0
k = 2,09 % 10 ox(=7700/RT) 2,61 x.10 ~vy(-24000/RT)

It is obhviong that the ex~hanre “roceeds *y (1) an acid indenen
> = A3 i 1:d AGA 2 L £ je=
dent nath a () odd e EE e e - . .
ath ana () an a2id denendent nat-, However, it is not

clan™ ot % +in o A7 voad 3 i
le ahont the nature 57 the hy?=olyzad corinm snecics that

na-=tincinagte in +the ng ] i
inate in the seeond nath, Tn anv ~ssc 1t wonuld be interest-

A

ine to the study the Janendence 59f the c¥change —ate on the

nitrate ion concentration,

-
|

} 3% h ""l'.i el A [aBaY 119 A - i 1A
In verchlovic arid 4 1a3icns the 22i4 Acnondance is not

+1135 02 3 e 4 P a3 s
stucied in 7reat detail t5 rommit any "easdsble intaernretation.
However, +he - sl i
| ver, cne ove '1"[ ‘4 G xrdh' N rat s da M5 oaat .

, | Ange rats is “1-st ordér in Ce(III),
i e : T
betwoen ze»n and one in e (I75 ~o-cenkrstiane and -1enendient on
i N T = R A LA & &4 2 il u L

3 ] X
-ne mediumn, the —ate law heine

i B "
1{:[}LLm)J'{héox'J3 4ﬂfﬂ%40mEi)+wa105@@mD)
I edv(-}b@eO/ET)

%

The “ractionasl srder wWwith rogacat +0 CarTTY) = i 31
roer wig ST Lo a(dY) s oxnlained in terms

v"",.q_! (‘_Y‘(‘hthfl ﬁp?* Joa = o A ' -
L SR Aai =1 LACc grond state and exeited atate.




_Qf"’ o 8'*‘ . s . .
At room temperstire 10 % o7 Ce is ronorted to he in the exci-

a

ted state,' 0@ EBhe bagsis 57 such an assumptisy the “ollowing

mechanism is sugzested,

~e (IV) + el T3 ~§i—* Txchange
e :

7e(TIT) +  Solvont. Kg | Ce*(III)  solvent

ke ,

TEA(ITT) +  Ce(IV) . K- exchange

C-*%(ITI) is an excited elgetronic state snd this is a “orbidden
transition and mnust take nlace hv e¢ollisio>n with solvent mole-
c1les. Assumine k@jf).kg the “5llowing ﬁqtellaw is nostulated
consistent with the observed rate data.
=k [corrn] +  [rcerin)] (ce(zv))]

Hornie and Libbvy (1831) studied the 1l wride catalysis of the
7e(II1)--Ce(IV) system. The =ate was “sind £5 be first order
flusride fon rnoncantration and concluded either

-
v

"Ce(TIIT) or Ce(IV) must “ovm a rol=atively stahle Hond with

3

The corresnondinz chloride catalvsis was “oind to be much smnalle
than the “luoride case as one mizht exnect fthe larzer ions to be
less e““ecctive, The aoparent a~tivation encrgy . "o the fluoride
catalvzed To(ITL)-=Co(TIV) evchanze is 11.7 kecal/mole.

Duke and ?a~7shen (12') in an extension™s” the work on this
system reneated some o the exechonza evyneriments in HC104 and

o

found that in 6 M HC104 the relative reactivity of the various
hydrolytic monomeric forms »f Ce(IV) with resvect to electron
transfer increases inthe “sllowing orde~:

Q4 2+
Ce(IV) £ CeOF < 7e(0H)

9

< cotom)’
e 3
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- - - . - -
\1thou=h OF "y, F~ and €17 1i9ns catalyze the Te(TII)=="c(IV)

exchange the "sllowin» annarontly 25 not have any e“foet ---
platinum, »latinum hlack, suv7ace, 4i®"use lirht »r moleenlar

IXyeen,

EUROPTITM

2,11 0.43
<0 - Q e - ; +
Bl --e G0 teeme Ey”
u(TI)=-3u(TII): Meier and %amne~ (133), studied the kire -
W hand, :

. ~ a 74 1
tics o* this exchanzoﬂﬂuﬁlq? as tracer, In 1,0 M HCl and at
ionic strength 2 the ~ate is exvressed he the emation:
I o . )
R=6.5x 10" oxn (-20200-/87) [ Bu(11)] (Bu(rIn)] oI
. \
M.3e0,~1

. : , ’ 1 24+ . .
The results sugopst: that a chloride comnlex TuCl might narti-
cinate in the exchange, since halo-comnle vas 5f rate carths
have been »e orted in literat-re. It ig also coneclnded that the

ol 3 9
rate 2% ele~tron t=ans®er *etween the uncomnlexed ions, Eu=T

and Tu is very slow ~omnared to the chloride--catalvzed

T

!\. 14 _F)Qlls
Sn ---- Sn€t---.. gpt+

Sn(TT1)--3n(TV): Davidson gt al (17°4) stndied the kineti »s
of this exech-nge in 9 M H?1 1sing Sn-112 as tracer., Between 0°
and 25° the mate is given by

R =45 x107  [sn(ID)]  (3n(1V)] exn(-10800/8T)
M+ min<

fin i1nercase in rate wnon irradiatinon with licht 5f gnnronrigte

3

wavelength is evnlained in terms 5" an interaction con

nlex

o




“orming betwecn the + @ and +4 oxidation states,.

=

Mever aad Kahn (135) studied +ho
cthanosl ngine the 27-hnar 3n-121. Hal®-timrs of the aorder

of hiurs wore “91nd and the —ato,.

R =502 x 1016[§nc12j @nClé] exp(=23700/RT) M.hr, -1
Tt is likely that a dissociative atom trans©er mechanism omerates
nrior to a two-electron transfer in this case.
Gordon and Brubsker (128) stndied the Sn(II)--3n(IV) exchans

in sulfurie~ gecid,

0.13 -1,7
Ph =—w-- Pb)‘---- pp?

Ph(IT)--Ph(IV): Hevesy and Rona (137) as early as 1915

e r7ormed the first isotonic evechanse ex e=iments and later
Hevesy and Zechmeister (138) in 1920 demqét“ated ranid exchange
between Pb(II) and Pb(IV) in =la~ial acetic acid using a natural
isotone of 1lead, Th-B (19-hr., "h-212),

Bvans, Huston and Norris (1R9) rencat~d the Ph(II)--Ph(IV)
exchange in slacial acetic 39214 and found~0.4% -exchange in ~4
hours at QQO. The gneeias sresent in acetis acid medium are

mostly covalent acetates 07 lead and the cvchanze may well be

(“‘l’

due to comnlircate’ oroun trans®e~ mechanism.

ANTIMONY

0.51 -0,21 -0.68% -0.,48
SbHg-=- -~ =1 R 560 —--ee Sbo0y ----= Sbg Oc
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Sb(ITI)--Sh(T): Bonner (119) studied *he %

notics 5% this

comnlicated excharge vearting in 64 U1 solu~ions., In a surse-
ouent studv Cheek, Ronner and Wahl ( ) evtended the invostiza-

tion from 6 M to 12 M H]1 and “91nd that "he rate increase with

|

inereasiny HY1 concentrations t5 a miniaum value in anoroximately
9.3 M HC1l, then decreasine hotweon 9.2 ¥ and 19 4. The “ollowing
rate laws under A4ifferont cvnerimental conditions are suggestive
0% the comnlevity o° this system. In the range 4,7 -- 6,1 M

HC1l, 5.4 -- 6,1 M 1~ . 0.0008 -- 0.740 M Sh(IIT) andg Sh(V),

+ 0
D -- N,2 M Vg and at °5

9

11 08 1R 4 -1
R= 287107 [so(riD)] * [snen)) " [ #4513 M,

While not attachine any “undamental significance t5 the exnoncnts

in the ra*te law satig gotaay A

@]

la's are obtained fa» exneri-

ments done in 9,2 M and 11,8 M HCOY solutions (141).

- ~ - ]3
(9.3 M) R :.[é%(III)j ECABRCICI 1.12 x 10 e%n(-1%460/RT)
M.min,"1

o - 2
(11.9) R =(SB(IID)] [5n(V)] 1.30 x 107" oxn(-17200" A7 )
kY 8 ] -1
i %11 1R 108

Jomnlex evchanse ~urvos observed in 8,5 1 t5 3 M rezion led
to nostulatin~ two nr move snecies of Sh(7) whi~h exchange at
di“"e ent rates with SPEMT), Hsnner and Goighi (142) =7ads g

detaila? stu'y of the ~omnlex ocvohanso ~urves g5

D

s =21lso the nature

of Sh(V) in HC1 solntionas,
rom this thoronsh stuiy ~f the Sh(IIT) -- Sh(V) systen g

tentative mechanism ig siyen "or the cxchange +akine nlace in

1]

|
Q
9
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stronglv acid solution +vig 5 syvanetrical sgetivated comnlex.

2 - C‘% .
o \ ' = ) -
Sy Sbe G Y, ~ | esnl T Ssnee, 177 a0 <

IEFCL, !i'\j—;LH_ZG'_\, + Shal

Brubacker and Sincius (147) ranap+ that nqexchange 57 anti-
mony oecurs —'Ln C;”.-! Fric =ad g3nlutdiane "n:“—'r.rr\nn eI 1 an~ o5

: 3 In sulfaric , Lutions hetwoen 1 ar . 1]
However, when cHloride "5 2d4d-d e72hange occurs and the rate

inerecasecs wit! he chlnsride ion eohcantration,  "Mhe ohsevve%,non-
linearity o” the evchange »nlots indicate comhlex and commeting
reactions in sulfnriec g-iA medinm also, It mav there®srae be
necessary to “orm ~hloride hridees tyfacilitate electron transfer
in the transition gtata indenendent o7 the mediunm,
THALLI™
N.34 =125 o

Tl o i Hoee sl o i

Y= FI T T ) There has hacn ~onsiderable inteorest

in this two-clectron exchangin~ systom, #s carly as in 1948%
Prestwood and "Tahl (144) ot Washinzton [jniversity and Harbottle

and Dodson (146) a* Brookhaven National Laktoratory simultaneously

7.1

renorted on the kinetics of TI1(I)--T1(IIL) cxchange in acid

H

solutions, 4 thoroush stuly of senaration-induced cxchange made
by Prestweod-and Wahl (145) rovealed the commlexities of the
orecinitation techaigues, vigz. T1(ITI) as-T1(0H), , and T1(I) as

T By, Tlgﬁ“04 and ﬁlz DtClG . Induced exchange was found to

decregse in the ordor

OH™ 2 BR»" > Pto1-
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|

falline from~50% +tq~57 Harhot®le and Dodson (147) used tho

n

chromate sonaratiosn gnd ~nfirmed +ha Low induced evrhange re-

| norted hy ?restwnod and ghl., The exverimental resilts are in
‘ 3977 agteement with tha +tys orqny 5° workers althsnzh there is

Aif“erence in *ha internrotationg,

Roth groums ropert that tha wata a° nxchange is Adencndent

-
o
=

on the “irgt nower 957 hath TI(T) and TL(TTI) concentrations and

in HC10, dAasreases a3 the hytyogon ion concentration is increased.

“hen these studies (145), (147), (314R) mre made an accurate

")\ _'_
valne “or the hydrolvsis ~prgtant A° Bl w23 not known and the
internretationg wereo snhjoet to the usual nncertainty whether
the ohsarved hohagvionr is dAue to acidity offe~t or medium effect,
However Rossotti's analvalis (149) sunnarts asstmntions of
Prestwood and "ahl ( ). In a very rocent nancr Roig and
Dodson measnurel +he exchangoe at 250 in 2 M NaC10,-HC104 medis

at various acid concentrationg down *n 9.1 M. This study was

made with a view *n utiligze Riefermann'™s data (3159) on the

hyvdrolvgig a" "L{TIT) undar mora Av less same evnerimentsl con-

ditisns. Roigz and Dodsan (151) renort the "ollowing rate law

R = x, [ 7% [m3* ), « m*] [Mngj
where
k, s 0.283 * 0,005 M ~! mril (23 217.4 keafmole)
K.z 0.08 1t 0,012 M ~ hr,
Although 1ittle evidence is “onnd “or the ?xchanqo nath Tl+—+
?1(Oq):- f§5 an umer limit of 0,1 M lnrTl ig given for the

snecific »atn ~ongtant »f this raartion




Gilks and Waind (152) stuiig? +he 17(T -~-"1(ITT) exchance
3 T e N 3 A 2 At A AT 74 : b & i 1
in D0 and redort an isotore o”fect, Ku0/Kp0 = 1.5  This
is frther shown mmder 'Tastame b€ 70cts! in ~omnarison with other

srs tens

e

Numerous investizsations on the gnion aatalysis of this
system are p.parted in 1itergtii-o Praostwynd and Tlghl (145)
studied the nitrate ion catalvsis 4n ga2d thorai~hness resultine
in the “ollowing rata law

ol i i = =
B -~ |mM(T 7 7Y | 7 - it 1w | NS
el L_..(...)J L I.(--.r_,!/) X + k/ H J +n LNO:}J
where
: ” 2 - -1
k - 2.2 x 10 exn (-17600/3T) M -~ gen.

k'=z 7.9 x 107 oxn (=10200/RT) sz

1
L
()]
“
fd
D
20

K" exn (-15000/37) M~2 gee.=1
Brub-ker a2nd Mickel (152), =2n4 Wiles (154) studied +he

= = . o . : g
"1(I)--T1(IIT) exchansn in gul®arin~ geid solitions and ™ und

B 3 A A7 o =l I T s =y B e 7 .
Chloride (147), (1°5), {(158), Bromide (157), and Cyanide(158)
arc renorted o exhibhit similar az~cleratisn effoct on the ex
change rate. Rruharker 373 “nirade (159) studied the effects
0% various ovyacids--ovalic,ancatin, suecinle, malie  and tartarig

AT A +1, i = = S, O T S S~ AR 3
acli, on the exchanze -ate =w btained ovidence for the recuc-—

tion oF 'BIITTT) ' o s A e . . :
A LEtIL) when oxsli~, 13lonic, malic ani tartaric acids

were aidded to the exshansing s7aten

T = A b s Farad = o} < : 1 1
ne bromide cstalvsis data ohtaing? wocently by Carnenter,

Tord-Smith, Rell and Modson (157) can be ~xnlained satisfacto-
rilv bv the "sllowinz rate evnress’on.

S -7 - ~
R = k, |T1] + k3 |TiBr i kgl T18rg

—_

+

N
N

—J

!

i

A
ol

| _J

od

=

\.__\
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where the values 57 tha sneci®ic »ste ~onstants at 20° and at

lonie strensth 0.5 (unto [BY7]=20.2 ¥) ave:

. -1 -1
- @} b ,
K, = 0.6 1 T,
ky = 8 x 1077 pp7?
> oA
k =, 1.5 x 10 Hp o+
k, = 4,8 M nenl

1{6 - ()- ° 37 . »} O('{ ’\’\‘h”:_

Noison et al (157) sneculate that “he faster exchange bet-
iy - - ; -
ween Tl and "LRro  m37 be Aue t5 the “srmatisn of a symmetrical

a2tivated ecomnlax 2° +ha +uynn

There is some evidence renosrted hv T™Meo=2is (160) based on the
nuclear magnetic resnsrgnee snectrum of T1-205 that chloride and

bromide »rodu-e a strone c®fect on the clectronic confisruration

07 T1(ITII) as shown hy lar-c cheomical shifts). This may be con-
jectured as resnonsible “o* gome o° the halide catalyses offects
observed in the T1(I)--T1(TII) exchanse,

Born and Voos (161), rocontly ~ovived interest in the sena-
ration methois nsed in T1(I)--TL(ITT) evchange by studyinz the

hetero=eneons evchanoe batween T1(I) an? T (ITI)-hydroxide,

Oxidatisn-»ednyetion reactions: Oxidation +eactiong »f T1(I¥

by ovidi=ing azents like Ce(IV)(55) Co(III) (122), Bro (157) and

- o
soveral reduction mesetions o T1(IIT) hy Te(II) (162), Te(o-nhenk
1+
=

T(IV) (167), have been studicd with g viaw tylearm whether such

(163) 0s(3iny) (164), H2(I) (165), V(IV) (85), 3r(II) (166),




o8

redox regetions take wlgee b7-3 gingle gtinn=- two-elocctron trans
fer or bv successive one-eleoctron trans©er stens. The rates »f

oxidation-~einuction reactions involving a net chemical chanze and
their kineti~ »icture in =eneral have a bearin~z on the zeneral
understandine »f the T1(I)--T1(III) clectron trans*er.

Ashurst and Hiesinson (168) in their studr o the kineties of

the oaxidation of Ee(IT) By T1(III)

Y ot CTI(ITILI ) eeeeex e (IIT) +  TI(II)
e(IT) T TL(IT) Koo  we(rIz) 1t T1(D)

2 Te(II) + TL(III) —_ 27 (I11) + T1(I)
nostulate the above mechanism invokineg T1(II) as an intermediate
oxidation state hetween T1(I) and TL(ITI) in aceordance with.the

fallowing rate law they obtained,
B ek [fo(II)jE [f1<1*1)j]/{%_1[?c(111)j + kg [?O(IIB}

3imilar mechanisms have baon n7fered for the oxidation o7 T1(I)
by Co(IIT) (122), and "o» the redu~tion of TL(III) by V(IV)
2 Co(ITT) + TM(I) —> 2 Co(II) <+ TI(III)
2 V(TV) + TMA(TIT) —> 2 V(V) +  T1(I)

Harkness and Halaorn (187) “rom a kinetic stndy o° the reac-
tion
_ }
T(IV) + TI(III) =5  U(VI) + TL(I)

obtained 3 simnle bimolecular rate law

x [v)] [fl(III)]

R

i
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and this is eonsistent with either 3 single sten twon-electron as
ahove ~r two sucecessive one-clectron trangsfer stens:
TIV) 4+ PULIIT) S UW) +  T1(IT)

Fos &
s

L) T TI(TI) T(TT) + T1(I)

4

The intermediate ovidatinn state (V) has haen invoked carlier
in the kinetiec study »* the reaction (169):
TIV) + 2 Fo(TTI) — T(VI) =+ 2 {o(II)

The intermediate oxidation state T1(IT) mechanistically invoked
for the oxidation reductiosn reactions is also mostulated “or the
T1(I)--T1(III) electron *transar Adiscussed earlier.

lfﬂstgvnq and Halwern (166) in their kinetic study »f the
oxidation o Hg(I) by T1(IIT) in H7104 obtained the ratclaw

=k [AET{{TiTD)] / (He(zD) ]

consistent with the F511owins mechanism,

Hoo T = s = . ST
He, + 0104 /== Hz, C1Y ranid equilibrium
) 5 o4 , S

H?5+. — Hg + " ranid equilibrium
’5 = 2 g
3+ S,

DA ; rly - 4
b HaD T1I0H® + "' ranid equilibrium

He2 " 4 T1' + OH RETT DETERMI-

NING

p—
: o4
He® L TioHT —

4.
q + 04 T—= =®©o
= .

: . . . . ) g
The He atoms invoked here reacting with the »eactive T10H”

as shown above.

snenias come rom the dismutation o° e

Yl

This system is martienlarly interestineg because Hgé is 1s0~
electronic with “1*anﬂ a comnarison 27 the rate det@rmining
*stens in (1) Yg(I)--T1(III) and (2) P1(I)--T1L(III) sthows that
neut~al atoms 5% @mercury react with ?IOH;+ miuch fastier than the

53

. . s e
isoclectronie 71 ion. TUnder comnarable conditions the rate




a0
constants for these two 3llied svstems ar- several srdferg of

magr.itude 3i““erent.

aren
5 = e .
(1) He® * 710877 — #™" + mY som (k=1 x 10 M

AsT-+1% £ 10

soc Tt
o.

DES )

L+ =
(2) MY + TIx0H — T1 + T1* 4+ 04 (k ranees between
2.5 x 107%-~ 3.3 x 10

M~ sec. AS%:-20 e.u)

(ﬂ
. = . s . ; tO
‘ It is therefaore ohvions that Ho reacts 10 to 10 timeg F

A+

aster
: + L ; !
with T1O0H than Tl . Thig is evxnlained in terms o7 the un-

usnally hish positive valae for&s¥ in (1).
TTRANTIM

1.80 ., 0.61 0.62 -0.05 =
7 e U”4'-—-- 11 o¥ Udg’

”(IV)—nﬂ(VI); Measurahle cxzhange ~ates have been rensrted

in a3 nuaher 5% aearlier investisgationg (170) on this svstem in

aqueons snlntions, Retts (171) studied the evchsnze in sul-

fnric acid under thermal and »hotochemical conditions, and

Xine(172) in nerechlori~ aecid golntions., "Rona (172) ren-rts
the follow'ng rate 1av in hydrochlorin acid medium at nH 0.85--
12

R = k [w(ﬁmjl ﬁWVI{] LH*]'Z

with an oversall activation erevzy 32,4 kezl/mole. HNo evidance

ior anv chloride ion catalvsis o7 sneocific salt e?fect was
renorted, Because 2f various hvdrolytie equilibria and the
disnronortionation equilibrium involving U(V), the intermediate

A

etailed mechanism is not, however, clear.

=

oxidation state, the

More recently masters and Schisrtx (174) emnloved TI(IV)--U*(VI)

exchange as a means to investioste the reaetion

T(IV) +  U(VI) FE 2 U)

- — (G0 B = > g N S —
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under eonditions of shemical ecnilihrium in nerchlsrate acdia.
Snecially prenared ren-tant soliations made “rom snectrochcmica-

P}

11y analyzed nranium oxid~ whizh had heer denleted with resvect
to the naturallv osceurring isotones U-2%4 and UU-225 were used,
Labelled T(VI) solntions were preonarnd (with an isotonic enrich-
mont 27 jusing 11-233,

Two marallel exchanse naths, one oceurring at a rate nro-
nortional t@[ﬁ(IV)J with an activation enorsy of 3% keal’/anle
the othe~ stowing a hisher arder [?(IV)] Aenendence with an
activation eneovgy of 22 keal/mole, Sinece the latter math is
analozous to Rona's (172) ohservations more attention was naid
to the elucidation of the Ti-st nath 5” exchangs hy Masters and

Sehwartz (174), The “5llowins ratn law ig consistent with their

data

{ 2+~ ; . ) o
R =K mg*)’ _ ok [vaw] oy

[#*]° (8% +x, [EY®

where k =4,14 x 10"6 M- 2 seefl at 239,4°% and ionic strengtk
e
[ s Ol d .

Cvon®"] [ %]

S

I sl

(the valae »~ Kpat 30,47 45 0.0560).
This study includes(®) U(IV) denendconce, (b) U(VI) deven-
dence (c) Hydrogen ion denendence (d) Tonis strength dependence

and (e) ®Bffect of Ultravionlet Irradiation., The recaction between
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L A o : Lo
17 N and GO; ts form Hﬁl lddecse~ibed t9 nass throazh the

same activated commnlev identical with the osne “ormed 1in the dis-

nronortionation of (V).
+ -—3H+ P s 2+——-H+ (“+
BT U0 RS | e, | Ho-U-0-UDY s e i

1

Amis and coworkers (175), (176), (177) (172) studied the

J(IV)-="(VI) exchanze in “~th wate»-acetone mivtnures containing

o L LG

hydro¢hlorie acid and in ethylene~iysol-water mixtures containings

AL B

hydrochlo=ic acid, Resnlts o7 an ear~lic» siudy o€ this cychange

LEJE O A NS (SR S

in water-aleobnl mixtures hy Mathews, Hefigy and Aiis (175) are

shown in table © +to illustrate the comnlexity 2f the kinetiecs of

M(IV)=-=T(TI) eolacitr»on t-ansfer

U(IV)--TJ(VI) RRCHANGE TW WATER-ALCOHOL (175)

C
QD
2
.
2
VY]
s
[N
i
=5
=3
[IsS

60 .87 1,08 ~-0,97

20 2,89 2,10 -1.06

100 9, D 0 -1

The zero order in T(IV) in 1007 ethansl nhvionsly suggests that
the hyvdrolvtic sneciecs ©f thig are not of auch consenuence in the
course 27 this exchanse.

Oxidation~-reduction re=ctions: Newton and Rabideaun (179)

s o " . 3 3 204
summarize scveral oxidation reactions of T(IV) with F@* Ce0H iy
7

Puoif,etc. Baker and Newton (1°9) r~2ently renosrted the recaction
between TI(IV) and fP0, with tho following ~hain carfiers.
% 2

=

- (g9 ~ ~N = —



S1c]
GUBER e HRE S iy L D

u(v) e Ha U o s S THVL ) e Ha
gy} &+ HO = U(v) 4 HoO
BY) 4 HO© = UMWI) + KO
HO ih HoOs & HOo -+ HoO
T(IV)  + 0o 5 g(7) -+ Holo
V) 4+ s HOg = IHVI) - + Hols
0 + H0o o HoO @ Do
TV : Oq = I(VI) -+ HOs
Some of the stens in the above scheme derive sunvort from an

indevendent kinetic study hv Halnown gnd Smith (121) made car-

lier on the oxidation of U(IV) by Os.

NEPTUNT UM

1.86 _  -0.15 -0.75 -1.15
Np . awsm NP P e HR ngeriness NpO e NP0
2

Hindman (182) gstudied

N (TV)-=N1 (V)3 Sullivan, Cohen and
this exchanze nsive ¥Mpe239 and thoir dsts it the rates law
AR LfQOfAf (ut) +ow, [t [wpot JrEY”
where
ky = 142000x v M7 seezl gt 25° and
ke = .45 x 19" M seRTd at g5
The mecchanism suggnsted for hizh geid ranse ig

& oy . = 4
INp*et +HT 2 [ ] = Ne*%" + N0 M (DISPROPORTIONATION

i i e S 2 2.%
NPTO HT + Np(OH) = NpOET + np Q0]
= ' A

and for the low acid ranse
N![,L"+ =t N‘:;ALQ_: =t ,\U&\J?:“L “+- N';‘FI'".)(
Np4t + 2H, 0 =2 NpConyth + 2" N
Np Com3T « Npt62 ™ = [y = Mo E 4 Np O,




A4

a

The ex*stence »7 2 disproportisnation mth via o (V) also derives
from an indencndent stidy Py Hindmgn, 3u1l7ivan and Cohen (183)
on: the readrian

Mo(I7) + MNo(VI) ——= 2 Nn(7)

The disproportiona*ior 57 the + 5 state in the solution chemistry
97 the actnida eclements, V), Np(V) 5, (V) and Am(V) has

been shown to nlay an imnortant rale in the study of simnle
electron trangfer reactions as well as ovidation-reduction reac-

tions involving the sctinide iong,

Np(V)--No(VI): Cohen, Sullivan and Hindman (1%4) studied

this evchanga thoroughly in aqueonus solutions, in »resecnce of
chloride and nit~ate and in heavv water aa snlvent. In an

!\i?é)
cxtensisn of this studv Cohen, Sullivan, Amis and Hindman, renca-
tel the cxneriments in ethleneelyrs’-water and sucrose-water of
varving comnosition and “pund that +ha alectron transfer evchance
t2 he indenendent of tha nammositior and »° the 7ross nronerties,

Aielentric constant, rofractivae index, visecosity of two mixed

solvents,

law §or No(V)--N~(VI) ecxorance csn be written
— - 4+ Q4= i y
== = T i i ~ fi e i i Q J
p\: l«‘ LNP Ol. J ‘['_N’D'V‘q KLL!\“JJ_ J Lf\ircr_ ‘,’ LH J+ 3 [NP 5 'LNF ) € &
+ <y L’\!?‘Jz_j LNPQZC e -//

where

e M~ sac’ at 4,59
kol uiiia0 p=T sceTl St 4,30

Egils 160 Mml secetl at 4.8
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Oxidation-reduction mgactiong: The reaction hetwecn T(IV)

and No(VI) has heen renorted by Zielen, 3ullivan and Hindman(18€)
recently, Since Nn(VI) is a 2294 ovidizinz aceont it shosuld be

possible to study other oxidation=reductinsn reactions.

ST TONITM

2.03 _ -0.97 =i, 55 -0.93 o+

B~ wwe PO e e BT il o BEGE | e Pu0s

Pu(ITT)--Pnu(TV)- Koenan (1R7) stnfied the kinetiecs of Pu(III

Pu(I7T)--Pul{IV) exchanze ngins Pn-222 t=angr and “ound the

£211lowin~T rate law:

Rz (e (o ] o i | P ]P0t ]

where

i

ky = 20 M=l seetl at 250  (Ea 7.7 keal/mole)
©

S e T E g 1 ey
K 2«0 x 10 M sect+ at 23

- B (B 2.8 keal/mole)

Keenan (127) suz~ests a OH eroun t»=rsfer as nlansible mechanism
in the Py(III)-Pu(IV) exchan=e rather thean H-atom transfer. No
work 1is done nn the cxchange hetween osther cxidation states
excent some studies on the disvrono~tionation reaction of Pu(V)

by Rabideau(1]%).

In this section are inzluded (1) those electron transfer
reactions whose kinetiec details and ~omnlexitics are nnt yet
known and (2) zertain imnortant anionic systems where mechanisms

like atom or 2roun t=gnsfer are more likely than simole electron

transfer itself, The ~srouninz is there”ore somewhat arbitrary.




o

+ 2 and +2 0x] Minrhleor and ¥Wahl (29) in their

study of eé=tain Tast clectron-oxchanze *eact’ ons hetween large
.S , tain Lo Blaek *hanzo E< on : large

o

910 ¢

¥l

eomul o seamilancy i nan T ther "ates: of eleetroh. transter
AR

oS(&inv);* o= 0s(atop)2 Y (k& > 18 ¥ 1 secTlat 0%nd in

3 M Hs30,) by the isotomic avechange meothod using 0s-185 and by

the antical activity method, This study also includes net oxi-

=te

dation-reduction reactions dnvolvinz several 4inyridyl and o-

nhenapnthroline ecomnlexes of Fo,  Os. and R,

i 3

+3and + 4 Oxidation states: 31oth and Tarner (189) studied

2
o o >
the exchange of Ir-192 betweon Ir % and IrClé

steond order rate constant (assuming the rate law:e

~and abtained g

R =k [1reid] [me1g)» k > =3 M sec™lat P and in
1M HC1
+4 and +5 0Oxidstion states: Wolfzang (120) studied the

oxéhaﬂge 5% Mo=-99 heotween an@W)g-and MQ(CN)S—and sbtoined 2
second order —ate c2onstant (assuming the rate law:
B [ﬁo(cwvg':ﬁ§o(cﬁ)§“;5 ks 100 W1 geerl at 29
and 1in solutions containinc cyanide.

foodensw and Farner (1021) studied the exchanze »* W-185 bet-
ween w(CNO:m anA w(cwg?" and "leissman and Garner (192) follawed

by the nnclear magznetic resonance method

the -same evrhsnog
observineg W-123 n.m.xr, sncectrom,  In both cases assuming a rate
law ofthe tyoe
i g o e
= k W{TN) - [ ween
R e [ W(TN)g | | (_)8_]

lower and unner limits were measnred.
Isotonic Txchange Tualcar Magnetic Rasanar
M: thod {nthod
- - 4 N ) ¢
ki S : gaes! ) > 4 x 10° S 4x 10°

It would BemmmEERastine t- recall: that the exchange of a metal

ion in‘taclevamedoninl exes 15 generally fast, Adamson af al (74,




A= . b = el
1 nds manganese exchanze hetwean Mn*(CN)6 and An(CN)6 fast.

*92 gnd +-4 Oxidation states: Rich and Taube (193) in their

A
detailed study of the chloride exchange with PtC16 nostulate

g catglytic speriies 'of gn untsual oxidatisn state of L2 for
S

platinum in chloride media as PtCl. . They observed a slow

»)

- 2= g !
exchange of Pt-191 between PtCl, and PtClé which is accelerated
by exnosure to ul*raviolet light. issumineg a rate law of the

tyne
>

{

= o
Ricm e T OROE S e e, 1

o

2 =l

in 0.01 M FC1 25° Rich and Taube renort values 1.9 x 10°% M

-1 L | o g s ;
sec., ~ and 0.2 M - sec.-l for k in Ai““use day light and on
irradiation by nltraviolet light resnectively. The “ollowing

mechanism seem to exnlain the observed exchange o7 vnlatinua.

PtCc12- ptxc12” = PtO1o" Pt*C12-
B 4 FoooiEha, ik 5

2. 2m O A o
PE*C1." 4+ PtClg & PEC1TT T g Preliy
xC1" 4+ PtC1Z” PtC12- Pt*C12"
2t 014 “tlle X it . 6

Todine-Iodate Txchange: Myers and Kennedy (194) made a

thorough invegtigation 5f this svstem which was revorted by
several workers earlic» as slow. This is the “irst known system
where agebivi vl ceoeitiiaiient dakbs are introdueced to account  for

the behaviour of the weak acid, H10s. The exchsange rate is

represented by

i fte - 3.6( . 0.6 0 7. 9 1.8
R mn b x 10™ 7 { Cor 1 P
L‘H103‘J L;gj Rils L;o3.j
where )’q1o renresents the acetivity coefficient of iodie
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acid, It is assuamed the axchance nrocecds via iodide-iocdatésn

reaction

517 4 107 + 6H" = 3Is 4 3HO (k~2x 10%7)
and the nlausibhle mechanism sugeested is based on transfer of
two_electrons hetwecen the ions 105* and " IF withinh the aetiva=

ted comnlex which slso contains HY and any negative ion (like

C10z , NO7 or 103) AT,

105 + 2 H &« &4 = 105 4 + H)O I
i : “ Y RAPID & REVERSIBLE
gl T g e ]

4

+ + — * = 1 o
105 8" . 3+ B I = LHIQOQA—}’——’? 100 + I + H + 4

g

A"E DETERMINING STEP

10 oA @ HE T 2 I, + 2 HgO |
* ! RAPID
: ]
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ISOTOPIC EXCHANGE BETWEEN METALS IN DIFFERTNT OXIDATION STATES

-

Systen Isotope a1t Rate Law Speoific* Conditions
dite rate const. medium, temp., Re
& 1 B o ef.
o e v UL L e e e ytrengon R
M{T ool e
2. Cu(I)-Cu(II)  Cu’”/ "’ stable k(oul)(oull) 0.5 x 108 12 £ mo1 (14)
b.hg(I)-Ag(II) Act1On | ppmg k(agll)2 _ 1620 6 £ HC104, 0° (30)
He(I)-Hg(1T) Hg203 48 a k(Hgl) (HgId) 21000, . HEA0g, 09, 0.5 e
5.0 %107 N
M(IT)—--M(III)
| » Ti(IT)-Ti(III) rité 102 ] B e
i V(L1 =VCITT) V48 16 4 V(V9+)(V3+)+?'(V2*Q(VOP?+) 1.0 x 1072 1 £ HC104, 250
~ 1.5 2,00 (27)
Cr(II)-Cr(III) (¢r51 28 7 'd B Cuati(n, Ph)y (Cr&*;«xoagﬁ<g:;:1cfb1 T HC104, 250
ﬁ 5 ~ 0.7 b (57
W(ID)-Mn(TIT)  Mn%4 300 @ k(mIT) (nIIIy - 34 ~1 f HC104
) BT (72)
Pe(II)-Fe(III) Feb5 2.6 .y k(Fe2+)(Fe3+)+k'(Fe2+)(Fe0H2+) 4,2 0.55 £ He 1,
%
200 259, 0.55 (81)
. s ol
1 Co(II)-Co(III) Cob 5.2 g (CoII)<CoIII){§ +k /(B*) & 0.8%0.14 1 £ HO10,
5.2°.1 0% (100)
BuliT) Rul{Iir) Rul03 40 d ks RS Sl
Rh(II)-Rh(IITI) ~Rnl1c2 220 4 e ol W
Sm(II)-Sm(III) sSml45 340 @ L 0 E2e
e T = =
Bu(II)-Bu(III) ®Eu'® 13y (Bull) (BuTIT) pip0 (03 )} €t x a0t e HC1, 250
3 T %@ 200

s w00



Yb(II)-Yb(IT)
b.0s(II)-0s(III)

M(IIT)---M(IV)
P04 TT)
.V(III)«V(IV)

Ce(III)- . (IV)

Pr(III)-Fr(IV)
Po(III)-Th(IV)
Te{II1)In 1V

U(III)—U(IV)

Np(III)-Np( 1Y)
Pu(III)-Pu(IVv)

TXIV) —=3(V)
V(IV)-V(V)

Mo(IV)-Io(Y)

k(OS-dipy§+)(05-dipyg+) 2

1.33 v R L e
16 a «(VIII) (yIVY(gg+)-1 2.6x10"3
5 d k(Celll){ceIV) st (0eTIIl ) IV y(p+y 2
: i : Yook TBok
1(001]')(Celv)+k'(0uliy) ® e
(CQI.‘[)Z e p D1 H
| 4 a i i
i B B WG LRSS
T k(IrClg“)(IrClg') > 83
1.62
x 105y o I LT SR e
86.4 3 k(Pu3+)(Pu4+)+k’(Pu3+)(PuOH3+) 20

2.0 x 10-4
16 @ k(VIV)(VT)2 o 1.5 x 106

66 h k(Mo(CN)g—)(Mo(CN)g‘) ? 100

2,2'-dipyridyl

complexes, 0O° (39)
0.5 f HC10y4, :
250, 7-5‘ \ ‘J)
5 F 0y, 00 (130)
5 f HG10, 09 (132)
1 RN HEY (189)
0.5 f HC10y, :

i BRI (187)
6.5 £ HO1 (46) -
CN~ 20

(190)



8. W(IV)-W(V)

Np(IV)-Np(V)

M{V)=-=-M(VI)

Np (V) -Np(VI)

M(VI)——-3(VII )

w185

w183
Np 29

Npe32

be Ma(VI)-1m(VII) 1mb4

< M(I) -- (MEID

T1(I)-21(11D)

M(II)---M(IV)

Sn(II)--Sbv)

PR I eIy

Pt(II)-Pt(IV)

M(IIT)-—-2(V)

Nb(III)-Nb(V)

T1204

anll3

Ppel2

pt191

Np91m

3

a x(w(em)d =) (w(emw) 2-)

stable

2.35 4 k(NpCp ) 2(H")+k' (Wp4+)1.5
(NpOByHes ) =2

2.35

300

1056

3.0

62

d

k(Hp0}) (MpoS+)+
k(Wp0o+) (HpOZ+) (1)

k (ShII)<SnIV)

k(Pp(02e) ) (Pb(0Ac),) 2

k(Pt012-) (PtClg“) ?

» 4x10%

(’4X1OB
1 J10RI02
6.45x10~8

155

710

U154, 01,22

6.3 x 10~
6.2 x 10-5

0.4% ex. in
~o 4 hrs.

1.9 x 10~2

0.2

CN-, 20

0.04 £ HC10y4,
250, 1.2

T £HCT0 ., 450

3.05 259,1,2

046 f NaOH, QO°

17 £ Féhe,800

0.01 £ HO1l, 250

UV light

——— —

(191)
(192)

(182)

(184)

(29)

(145)

(134)

(135}

(138)
(139)

(193)

jl.



sb(IIT)--81(V)
(IV)—~-T1(VT)
U(IV)_U(VI)

M(III)-—-M(VI)
- Or(III)-Cr(VI)

I

* Units of tha specific

a. NIR me

LS Rt indiooted,

thod used:

* 60

k(UIV)2(uVI) (g+)-1/3

.

a k(SbIII)O'6(SbV)1°1(H+)4 (c1-)?

28 d x(crlIT)(er,027) -
) K(HY) -2 + 11 ) (0r(Hy0)3*
< (H %0 J2/s

e constant are not the

aplid-mixer used.

same where

2.4x10~14 5 £ HO1,250

2, 7x10~3

259 AT L

Q.6X1O—7
1.4%10~5

9480

e - SRR

(140)

HC1,pH 0.85-1,6,

(e

x 1076 0,05 £ HC10,,450(63) |

(62)

2 simple second order rate law



E. Theories »f Electron Trsngfer:

Blectror *rans”er theoriecs “or reactions in solution have
been mostly qualitative until rocently. During the last ten
years, however, there has hecen such an advancement in techniques
and in ‘gneragl dinereased attention maid . to the study of eleetran
transfer cxchange reactions tho: we now have aquantitative theo-
ries %o eoxnlain and nredic®t rates in a ~iven gsvstem, The follow-

ing chronalogical survey sives an idea »f the develonment o’ the

theories of electron transfer in solntion

\
| 1023 Shaffer "Equi-VAalence Chaneg! hynofhosié
1934 Weiss "Coulemhic Reoulsinsn hynothesis’
1936 Gorin "Coninmhie Reanualsionn' hynothesis
1937 Michaelis "Onn-3ten cliretron +*ransfers
1947 Remick Develoned Sha®"er's hynothesis
1948 Duke Devnlnpnt Gorin-Weiss hypothesis
1051 Myers & List all factors zoverning electron
Prestwond transfer reactions
1952 Adamson Mgznetic s'scentibility sum-diff

rance product correlation with ex-
change half-times

1952 Libby Annliestion of "ranck-Condon Pria-
cinle

1953 Hindman, TJorrelation of nartial molal
Cohen and orntronies
Sulilvian

1954 Weiss Blectron tunnelline theory

1954 Mavrcus,Zuo- Elrctron tunnclling mechanism de-
linsky and veloned for 2lectron exchange re-
Eyring actions.

1954 Taube & Myers Bridsge activated comnlexes

1956 Marcus (R.1.) Quantitative theory of electron

trans “ar “ormulated




1956 Orzel Aonlicstion of ligand field theory
1957 Marcus (R.A,) Quantitative theorv o7 electroche-
mical electron trans”ers formula-
ted and “ree "rom arbitrary assum-

ntl ons
1959 Marcus (R.A.) Theory welli-develoned, annlied é?r
Mno4 /M"‘\OZ and ?e(HqF)ngTG(HZO)f
systems. ~ 2
1939 Laidler Zlectron transfer theory based on
the theory of diffusion controlled

reactions.

1960 Marcus (R.A.) Marcus theory develoned “or treat-
ing so2lvent 1lizand and inert salt
e*ects,

1960 Halpern & Theory of electron transfer bet-

Oreel ween metal ions in bridged systeams.

Shaffer-Remick "Egui-Vnlcnce' Hynothesis: The equivalence

change hynothesis n»onnsed hy Tha<f-~r (195) in 1933 and modified
by 3nmick (195) in 1947 onredicts that oxidizing and reducing
agents which ¢ain »r 1ose the same number op'olectrons should
react ravidlv. I re recently Halnern (£1) made a thorough exa-
mingtion of the eanivalence »rincinle and “aund only limited
validitv when a»nlied to cortain oxidation reduction and electron
transfe» reactions--(1) oxidatinn =r metal inns hy 2Xyzen re

(2) rednetiosn metal inns hy hydrogen ani (3) electron transfer
between trans®er bhetwecn netal ionsg,

Gorin-Weiss-NDuke '"Conlombic Qenulsion' Hvnothesis:

The conlombi~ ~enulsion hynothesis was first suggested by
Gorin (197) and Weiss (192) and late~ by Duke (48). It predicts
that 1if the reactants have like charges, coulosmbic renulsion
sho71d make *the reaction g7 slow. The slowness of the T1(I)--

TL(ITIT) and Ce(III)-0e(IV) are some oxamples that are consistent
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with the theowy. Duke (43) discusses this hvnothesis qualita-
tively and coneludes that the charge on the ions may well be an
important Tactor in nredicting the course o the reaction.

Michaclis! P~incinle »f "Comoulsory Univalent Oxidation Steps™®

Michaelis (199) »nronased that electron transfer reactions must

nrocead in snc-electron stens. This is nartly true when we

(s f'

annly totthe transitionsl metals which generally ehi bit oxida-
tion states that 3if7er hy nne electron snd react with each
other by l-equivalent stens. In recent years the detection of
nnusual oxidation states as interamediates in certain reactions
lends sunart to this »rineinle in a way. Tor examnle, Sn(III),
®e (IV), T1(II), Cr(IV), Cr(V), Mn(V), T(V), CL(VI) and ‘some
othe=s are hichlv »robable ani thase nerhans acconnt for the

ranid reaction rates. it the same time thers av»e many two-cqui-

valent rednx rcactions which nroceed in »ne sten through the

N

trans®er o7 a H -ion 27 0O-aton,.

Mevers ani Prestwnod (11): Summarize all the Tactors gover-

~

ning the ~ates 27 electron-transfer —e¢=ctions as Tollows:
(1) the numher of electrons trans®er-ed (2) the hinding. energy
and the tyne of eleetron trans®er-ed (3) coulombic attraction or
repulsion (4) structure and comnohsition of the =eactants and (5)
environment »f the reactants.

This concludes to some extent much of the earlier think-
ing on the theories of clectron Ltransfers in soluation and all

o

9% them naturally are gualitative in their scone. About this

1

time a symwosinum on Eleetron Trans®er and Isotoniec Reactions
held in 1952 at the University of Notre Dame stimulated interest

in develonin~ semi-qnantit~tive =nf ne=r-quantit=tive theocriecs
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of electron trans©er in solutions and we shall now exanine some

d correlations betweon the evchange half-times

)

of the attempt
and certain ohysical »narameters,

Adamson (200) A\ttemnted a3 2orrelation betwecn the evchange
s

half-times and the masnetic suscentibilities o7 the exchanging
ions. To illustrate this correlation actiuall- the vroduct of the
sum and differences 27 the magnetic susceptibilities is shown in

table 11. alon~ with the half-times “or exchange renorted.

TABLE_11

EXCHANGE HAL"-TIMES VS MAGNETIC STUSCEPTIBILITIES

Blectrnn Wxchange Masnetie Suscen- (Sum x ddffe- Order of
Dair tibilities rence) " half-time
Eu(IT)--Eu(III) 2.5 52 1 hr
Co(en)?=- Co(en)?¥ 4.9 0 24 2 -- 50 hr
3 3

Co (WHg )22 Co(NH3)2+ 29" 1p 24 >80 4
Mn(II)--Mn(IIT) 5.9 5.0 10 <1 min
Ce(II1)=-Ce(IV) 2.5 0 6 10 wmin
Te (II)--Fe(III) 52 B,7 6 20 sec
V(IT)--VIT°T) 3«9 2:8 7 55 ain
Os(biny)§+-- Os(biny)§4‘ (0) (1.7) 3 seconds
?e(CN)g-—- ?o(qﬂ)g— 0 1.7 3 Fast
Mn0;™-- MnOj e B 3 Tast
Co(TPP)--Co(Tnn) ™" 1.7 0 3 Fast

TPPP tetranhenylpornhine
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It is obvious that the larger the sum-4ifference nroduct of
the suscentibilities the slower the evrhange. This n»nrediction
seems to hold szood in the case »f ohservel “ast electron trans-
fers hetween the Co(II)- and Co(III)-TPP comvlexes in benzene
solution. Dorniuzh and Dodson (201) noticed fast exchange bet-
ween Co(TPP) and Co(TPP)* 717 with t#-~~500 sec. Krishnamurty
and Dorouch (292) “ound that the exchange between Co(TPP) and
Co(TPP)+ Br, ecven faster with t4-—50 sec. This observed fast
exchange i1s in keening with the low snscevntibilitices nroduct
renorted,

Anothe~ nrediction is the net oxidation-reduction between
the Aiamagnetic Hz(ITI) and the ﬁéramaqnetic Te(II) which goes
slow eventhongh simnle electron trans©ers hetween 7e(II) and
®e(III) and between Hg(I) and He(II) are known to be “ast.

He(IT) + Re(II). = He(I) +  ®o(III)
Adamson clearly confirmed this chservation by f>l1Thwing the
reac tion snectronhotometrically at 270 mpat which wavelength
Fe(III) has a large absorbance. The hslf-times “ound were of the
the order »° several 4days.

The hitherto uninvestigated Sm(IIP-Sm(IIT) and YR(II)--
Yb(III) systems mizht arove extremely interesting since their
magnetic suscevtibility sum and di““erence nroduct (Sm: 9,3;

Ybe: 21) seem to suczest exchanzge half-times comnarable to those
of V(II)--V(III) and Bu(II)--Bu(III) cxchange svstems respectively
Not even nreliminary wo~k has hreen ﬂoﬁe on either Sm(IT)--Sm(III)
exchanze or Yb(II)--Yh(ITII) exchange and it would be interesting

to study these 4-f electron transfer nrornesses.
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Hindman, Cohen =and Sullivan (2973) have shown interesting

co~~elation hetwenrn the cex~hange rates 27 elrectrorn trans’er

reactions and the differen-e in martial molal entronies 9° the

. ; : : &t =0 -
evchangin~ ions in agueous solution AN Si -- Sj.

Tor small values of & S° ranid oxchanze seem to he *the case.
Small values of 487, however, indic-te great deal of similari-
ty in stru-~tare 5° the exchaneing sxwecles hence minimun Frank-

Condon restrictions (204), (295), “or clectron transfer.

Application of Franck-Condon nrincinle to the case of electron

transfer reactions is Adiscussed later.
+ 20 ; .
The exchange hetween NnO, and NpnO, 1ions is Tast, k being-
2810 M=1 sectl and the small valae or AP = 8 e.u seem to

exnlain the correlation. ‘nother examnle is the slowness 9 the

: 4+ B o . -7 -1 -1
exchanve hetween Nn~ and NpOs , k heing ~—~10 M = sec.,” and
H3° = 80 e.n.  indicating some tyne 27 ecomnlex exchange me-
chanism other than simnle electron trans*fer.

Libby's Theory of Electron Trans”er: bby (204) in 1952

develoned a theorv 27 electron trans”er gnnlicable to solutions

by way of Tranck-Condon »nrincinle., The theory snecifies that

the electron merely jumnase “rom reductant to oxidant and is

_)_.

based on calculated »robahilities 27 'elecetron-jumm! as a func-
tion of distance hetween the oxidant and reductant. Libby
divides the nroblem in*ts *wo narts:

(1) quantum mechanics »° the electron exchange itself
HS , hydrogen molecule ion as model (in vacuna), and

(2) the annlication 57 Tranck-Condon princinle to the case
o aqueous soslutions,

=i
Libby calculates the 1s evchanze “requencies for H, and con-

cluies that even the 1s wave “unction gives high rates of
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o} : v
exchango at Aistance »f 10 A ang large=. 7Repanting the calcula-

tions for the osecneralized H;‘in which the *wo nositive nuclei

s

have charges of + Ze, the exchange 5 34 electrons was shown to
be even more “reauent at large internuclear distances. The

following diacram (7ig,10) shows Tibhy's nlot of exchange fre-

I
L

oucncy vs internuclear distance calculated “or the 18 and 3d,9

wave fTanctions.

o]

Sy ' P (D) Excr aneE
\“;.2":‘ 1 ! ‘ FREG.GANCY Vs
2§ : INTERNUCLE AR
Ty 1o ' . DISTANCE.

;é 01~ 3d(2 = 35(2ﬂn>
=151 | £ 1] 4 ¥
0 - ~
! 2 40 &o 8o

INTERNTICLEAR DISTANCE
(BOHR RADII)

Simnle eclect»on trans®er nrocess there ore cannot be the slow
sten and Libhy finds alternative exnlanation tn aceosunt for the

#lowness obhserved in certain clectron transfer reactions in

aqueous solution hy considering the changes in the environment

0f ea~h reactant. Libhvy conludes that larse symmetrical comnlex

L)

= -

4—
lons like Te(CN)g and Te(CN).  or Mn

o

O
N0

and Mn0; should exchange
ravidly as these isns are surroundced by Tixed coordination snhere
uxnerimentally this »rediction is bhorne out, howecver.
"ranck-"ondon prinecinlc states that Aurine an eleectronic
transition in a molecule the nuclei 45 not siznificantly alter

their relative nositiosns or velocities. This nrincinle finds

wide aonlication in snectroscony and 1s invoked here to explain

N
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the »roblem of eleetron transfer in aqueous solution. When an
electron jumns “rom the reductant. to the oxidant instantaneously,
the transit time is smalle” 2ed sltoms «o not have sufficient time
t5 change *heir nositions., The coordination shhores therefore
must =24just themselvns to their new cnvironments and this cons-

titutes the energy barvier to the electron transfer nrocess.

+
q
ex~hange whe»e the initial Terrons environaent is occunied by a

This has reen illustrated in the case of »?og*‘ anA Feg

ferric ion ater the electron jumn and the “erviz environment

even ferrous 1on. The evtira eneregy o° hydration stored at the

=5

ferrous environment eventually leaks to the ferriec environment.
by a slow cnllisional nrocess. Hownver, the di“ferences in the
instantaneous rate of electron jumn and the slow rate of hydra-
tidn energy moments constitnte the socalled activation energy
for electron transfer. I%t is also assumed that the electron has
no time ”or‘9\1vation. In the case 27 small cations with water
molecules in their “irst coordination svhere there exists a
large enargy bﬁrrie” resilting in slow rates. On the other

hand large comnlex ions like Mnoz- an# Mn0; are so symmetric

in their gstructure no nrior rearrangcment is necessary to effect
the electron transfer »nrocess and hence exchance ranidly. The
nart nlave? hy small anions like 71 in accelerating the rate of

2

: i 3 * : . :
electron transfer in M -- M systems is exnlained in terms

Fal

o® symmetrizing structures, matching energics and ainimizing

counlomhic revulsions orior to electron transfer bprocess.
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Marcus (R.J.), Zwolinsky and Tyrine (206) ¢+ Postulate an

electron tunnelling hynothesis “or electron transfer reactions in

aqueous solution, They assume a “orm o° potential energy

harrier over which the clectron must nass “rom tho reductant
to the oxijont. The nossibility of leakage thmuszh the barrier
in ‘'a non-~lassicsl senge ig a well-known anantum mechaniecal
nhenosmenon and Mott an? 3neidon (207). state olectrons nenectrate
freely throush notential barricrs ghout ton atomic Aiameters

thick and few eloctron-volts hizh. It is therefore clear that
electron transfer can take nlano st Aistances considerably greater
than wonldl covrasnond +o actual co2llisinn o¢ the reactants. The
ovoblem is reduced to calenlation o7 the ~ritical intercationic
tunnellin~ Aiszance in the activateAd coanlex and is discussed by
Marcus(R.J.), Zwalinsk& and Tyrinz (206),

In their exteonsive thesretiecsl analysis (1) the nrobabhility of an
clectronic transition is ~onsidered as 2 transmissi on coeffici ent
(ko) in the ovareossion “or the s»necific =»ate constant and (2)

the free enersy of activation (Cépt) “or the electron exchange
reaction iz considered to be a sum of the free energy of rearrange-

ment of the hydration. and corordin-tisn shells A~f the cations,:

ol 4D 7

and electromtatic repulsion energy.,

Using a triahgular notential bharrier ( ) an annroximate

exoression for the transmis<ion coefficient 15 9btained as

g 7]
s =3 ; 2
K .= axp - .5 ( 2a (V =« W) )
SRS 5 )




o

V = heisht of the electron barrigr
W = kinetic energy of the tunnelling electron

stance

=t

— CEunne g A
Top= tunnelling 4
M = electron mass

nlanck's cone +ant
The terms V an? W are ing endently considered in the theoretical

treatment and are given by the “nllowins e@xnregalionss

L o 5
¥l B e e e e es Sa D oy
W st s /s 1

The exoregsion for the transmission 7oe”"icient, based on the

above ammrovimatisng can now he written as
- Cheid 4 Z

-—---ai-l‘ab | 2 me2 Loz — In) ) ;
o “ B

According t5 the transition st~te,thes~y ( ) the specific rate

constmt is ~iven by

A

K = K KI/h. exp(_4F /RT)

Substituting Kg 1in this equation the specific rase constant for

the electron exchange reaction ig thercfore

Al ¢ Qe o (\gmez-/z TSR - ;9 | 3] i

€x b 5 s x
AFT e ng ny
A ek =
BT BT B s

The svmbols nsed in obtaining the ahove exnressions have the

0]

"91lowing siznificane
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K gnesasiiesiratar canishant

k Baltzmann-canstant

h Planeck!s constant

Pk thunnel Line wlistance

m clectron mass

e electronic charze

e nositive charze on the central atom
of the rediac tant

o radiys ot el cetnonier orb

rhit
?(n) B, 1+7ﬁ;}--nb]
I nh/na

chiaree on.cation gt

s
Ny, charge on cation 'b!
D dielectric constant
é:igt reorganization free cnergy of activation
B ras constant
s absolute temnerature

This “ormulatisn o7 the snecifis rate ~onstant exoresses comve-
tition between the two mechanisas--(1) the "easy™ vath of 10W
repulsive energy leading to larser LR aad (2) the "hard! path
of closest anproach i.e. Kg—1 . 't some de®inite valne of r,y
these two counter-balance e=ach ~ther and there will be a g;iﬁigél

intercationiec distamgee 1n the activated state at which the rate

will be maximmm,  Thi s distance denoted by r*;p is derived by

Eyring et al from the snecific rste constant exnression as

(5]
3 e~ n, ny h rO%

Jetn e
ah 8Te K D T (n7*)%
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Having derived the ontimum tunnelling distance the suthors
calenlate the free energy »f activation as a contribution of
three terms

i R, S T R
; = TR R e P

where 43*di0 is the conlombic revulsiosn term and [;F;'the solvent
reorganization term. Data are »nresented Tor various systems in
table 12, However, it must be nointed out the guthosrs used ‘a
value of 8,1 keal/mole for A.F;k obtained from consideration of

=

g2 -. Te° evchanse data althouzh a priosri calculation of this

term would he made the theory comnlete. Shennard and Wahl(29)

renort that the electron tahnelline hynothesis is n»ot a reason-
O o
able model “or Mn0O4 _- MnOg exchange.
TABLE 12

OMPARISON 0T TLECFRON T”TW”TTI"} MODEL WITH #XPERIMENTAL DAT

o) R
Systemn | r?a‘}bs A - RT 1In KeAﬁcn am, Df-o:‘t:: 1 mt:wt a3
2*1“ -1-

Co(e'n)q o a(cn) 5.9 4,38 4,32 2.1 16.8 23.5
7o~ T1082F - 2.63 8 .67 “8aa0 180 et

9]
VoH? -- vO- 4.4 4,00 .86 8.1, 16.0. 17.2
240 west 6.0 1,37 4,25 8.1 16.7 16.7

0
2t meou=t 4.9 2,57 2,47 8.1 15,1 312%
ot . wepiat 4,9 oy 247 B9 15,3
od o % :

0 me TeCls % 2,48 - o N R - 0 B
R TC 9.3 5,59 548, 8.1 749,31 380

2 B
MnO4-- Mn0; (2*= 6) 2.6 2.9 2.9 SRR e e
Mn03" - Mn0; (z*= 23 F.1 2,5 2.4 .5 12,4 S

5. £
MnO4-- Mn0, (Z2%=z 1) 1.0 1.8 1.9 8.7 12.4 12.4
e?t__ Fe3% 5.0 4,4 3,3 8.5 16,7 e

o —ry N ST T~ = —_— = = —_—




All energy valiues are in kcal/mole and D = 78 in all

Cas s

excent the last “aur rows where it 15 39,

Data ft-%en from Marcus (R,J.), Zwolinsky and Ryrine (206)
9 J J 4 9

and Shenngri and "Tahl (20%,

Marcius Pheory of: Blecetron Transfer:

Marcns (29%) “ormulste’ 31 auantiative theosry of electron

5

-t

trans”ers in golutinn ©or the first time “ree from "arbitrary
assumntions" and "adjustable narametaers" t3
lation.of the free energv 57 activation AT trom firat prinel-
nles in the case of simnle elnectron trans®er reactions. 1In

most chemical reasctions, anvreciable chanves in various inter-
atomic Aistances apd hond angles o2~ur ss 3 result of eollisions
and nassing throush a 'eritical collision' o7 an 'activated

comblex! corresnondins to the huan in the notontial encrgy dig-

gram for the reaction. 4 Adetailed knowledes of this activated

SR

comnlex enahles ealeulstion of the rea:tion rate. When such a.
reaction oceurs very often thec is 2 transfer of atoms, radi-
cals, grouns or even “ervying o5f a whole molecile resulting in a
case of strang interaction of the eloctronic structures in the

antivzated comnl~x or trangitisn state This

: considerable spatial
overlan 37 the electronic orbitals would resilt before a chemica-
Lly sighifiz-nt reaction takes nlace via an activated comnlex.

However, there are reactions, for ovawnle, the eleetron transfer

wh

tvne where the transfer amecrclv involves an electron between the
reactants. Only a slight sverlan o7 the electronic orbitalis g
necessary to e”fect this »rocess. Marcus thesrvy therefore is

develoned orimarily “or such cascs where there is only weak

interaction that mav be su®®i~iont to electronically couvnle the

11

- — - = e —

5 ol

, 2w
9 S e

n
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In the “ormnlation of the theorv twn assumntions avre naie in
additinn t~ the snecial ~2ase 5° wesk interaction or small over-
1an Af the alectronie aorbitals in the activated comnlexw. (1)

The reactants avre tresated as —izid soheres inside which no chanz
in atomic canfigiration takes nlace durinz the reaction., In the

case 5° a metal ioriits coordination shell alsos is included for

congideration as a ~igid snhere whog radius will not be engal to

n

sum o7 the erystallooranhic radins o the bare ion and the dia=-

~ 55

meter oF water molecule (o~ any ligand). The surrounding medium

ek

of the vigid snhere is trested as a continuons unsaturated di-
electric the reorganization of which ~-n“~:hute t» the free
cnergy of veorqanizat?an,[&”rfF .(2) The Aistance over which the

electron jumns is taken as the Aistance »f closest avbnroach of

the rizid gvheres.  In osther words, in the case of 3 reantion
++
o 'c‘v
erystallorranhic radii o7 the hare reactant ions »nlus twice the

s

M his dAistance is ecaual tothe sum of the

: c iy
like M“ﬁ,

o

diameter of a water molecule.

Kinetie Hermulistisns The following reaction scheme is

written assumine tn siccessive intermediate states X* and X,
which have *the same atomic confisurations but dif“erent clec-

tronic con“izurations.

k
A —+ 3 ;%e il (Initial States)
k
-1

Uk

- ko R :
> X (Intermediate states
k

% .3, PRODUCTS (7inal - State)
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The formuiation of twosuasrcessive intermediate states in a3 way
is . in accordance with the WeasslieSondon spincivle, Elootronie
mobtion is ‘seairanid. that thersolvent solecinles '1ag behind and s
the reaction has %o »roceed via twn succossive intermediate
states o° whish X" is oloser to the reactant configuration ang
X to the onmoduct confisuration. The overall rate »f the reac-

tion is written as

Rate = kg, G S R

where ky; , C y Cp are the ohserved rate constant, the

concentratioson »f A an? the coneentration 9f B resnectively. The

rate 1s also givon by k., CX where k3 i3 the rate constant for

the last sten and CX the eonecen brabisn of X,

Applving the steadv-state annroviamtions “or the intermedisa te

states X* and T we have

dCX*

5 e 'E X -2 X
at

dt

Substituting for CX in the overall =ate equation kpi 18 exnres-

sed as
k k k
L 25
kbi Pl L) S T il SR el s i G
ki k ¢k ek, )
kl w

g — x =7 (ep) e -~ L} MR



Marcus makes a thovrough exaninatiosn 57 the varinns mate constant

estimatine each one gni 7inds that k.1 1s essentially equal to k

and kg, the same a3 k Therefore, when ko and k 5 are of

the same smla™ 97 mgrnitude it can ho shown (nczlenting a factor

of mbougt twa)

and kl was shown earlier a= equal t> 2 exn(-&F%/RT), where the
secohd order rate constant k, 1s in units of c.c. mole~l secT?
anl g is the 2ollision numher in solution given as 1076 c.ec.

m51e”1 sre,"1 5t ransm temnerature., &F* rem-esents the chanze in

o

free ecnevzy o0F inne-ion and ion-sslvent interantions accompany-
in= the “nrmation 5% the activated 2ommler “rom the ~esctants
and is given by (209) (210)

AF* = a2 XN 4+ o* o*/D

where

Tl 1 1 c o 1
o= + — (ae)”

o o= e e - — - -

S/

* ;
e{ and es are the reactant charces, e; and eogare the nroduct of

o

charzes and®A™ is the staniard “ro | energy change in the elec-

——

tron transfer sten.  In thesc equations Q&e) ::(é -- 30 r
the diclectric constant of thoe medium. The factor r, distance
between the centres 27 the reactants is get eoual to it s minimum
value (ai il ag) WHere R a4 and as are the offective radil of

the resectants.
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"or electron exchan~c reactions where 4 = 0, e»

e, —ed a a. = a the above eonation reduces to

I
O
f

= 8 7 - 0 . O
: [ oo )2
: 1 ©1%9 (42)
e N
A = e it ol T o T W ]
ﬁ a3 , DS 4

2% A o

The quantitv p*

n=

W \

termed 'excess "ree cnerzy of activation!

Dg

by
=+

Marcus 1s rmela*ed to theusnal Tren ecnarsvy o7 getivation AT thuse

.bsté A Tk o 13.3 T cal/mnle

Marcus thesry there”are can he used “»or cslculating the rate 27 a

any rceiox »eaction from jonic radii and stania-1 “rec energy chan:

o

of g reactism from First nrinecinles, leasonable ggrecement

exnerimental Aasta ~2an *e secn in table 1°.

Sk

with

ZTOMPARISON _OF MARCUS THEORY ¥ VL'IES WI "H EXPERIMENT

ELTC TRON TRANSFER REACTIONS

Y - -
Resctian a (4) Tomn, °C M Y o AF* Refé

(cxnt) (calce)

MnOi' -- Mno; 2.9 1 0.17  12.8

4 o ]
Te(CN) o -- We(CN) 2 4.5 4 1.0 12,7

A= S
MO((’N)Q - “’IO(F‘T\T) ) Aco q et 1(2.6

o4

Te” Tas T 3.4 0 0.5 16,3
Cp2T.= Coz* 2,4 0 0.5 16.4
T2 t. et 7.4 ) .25 14.3
3.4 ) 0,17 15.0

Ev]
N
V)
N
O
L]
o)
@))
)
O
.
(8}
0

2.2

10,1

Ty ~ = ~ o e —_—
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OXIDATION REDIZTION RTACTIONS

Fo(CN) " -~ IroLl.” a_ (1) an L5) ATO A F* AL F
6 - 4 E (szot) (cale)
s S
Pe(CN), " -= IrClg 4.5 4,3 ~18.2.. 9.8 4.2 -4(99)
?O(CT‘I);- a1 I”Clg- 72.5 4.3 - 7.8 9.8 2.4 d(Qg)
Te(CN)g™ -- 0sClg” 4.5 1, 2 ~ 1.6 18.5 .8.5  (99)
tj
0s(Ainy) -- vl " 4,7 7 - 5,3 4,5 2.0 (99)
OS(diny)§+;- Te(Phen317 7 - 5.3 6.8 1.2 (29)
o 2+
Os(Ainy) " -- Ru(dinv) 7 7 -10.1 6.5 0.2 (99)
o = aat 3 T =
— + &ponylsinondireorzanization . 111 free enerzy values

in kecal /mole.

¢ ™ (exnt) is the overall value for V(II)--V(ITI) exchange

1 In H?O

e In 0.5 M HC10,

in 1 M HC10,

The similarity betweecn so2lutinsn electron transfers and elec-

trochemical electron transfers has heen recoznized throughout in

the Marcus theorv and the varions theoretical exmnressions with

snnitable modifications

have hren use? with success. 4n interest-

inz 9aner by Marcu(212) in the Transactions have been used with

suceelectroie Processes sumaarizes the status of electrochemicsl

electron transfer theoryl More recently, however, Marcus(213)

extended his theory £or treatinz ~ontributions Trom solvents,

ligands and inert salts in the c-~se of solution clectwon transfers.




el

Amonz other atantitative theories of electron trang“erp
Laidler (214) 3evelosned 4 theosretical troatmqent annronriagte to
the "o (II)--7e(III) system basel on thg thesry of d1iffusisnp con-
trolled nraocesses., The total "Tee cneray of getivation calcu-
la ted as contributiong due to 1iffusion, renulsion ani tunnell-
ing is ™ und +4 nass throush g minimum ~t g separation of 4 AO
and is 15,4 keal/mole in 2229 agreoement with the exnerimental
valiue of 14,8 kcal/mole, Mar-us (215) » Nowever, finds one 5f
Laidler's Assnmntions in the formalism asg ineoerect, 1n any
2ase the thesrs has not hecen annlied +4 other than e (II)-7e(III)
systen,

Orgel (218) 1lscussed tha theosry of oclectron trans”erg

Bal

“rom the noint 5f view o +he 1lizand fielq theory, The mechg-

~

nism 5% elnretran trans®ers via bridge geotivated comnlexes have

®

been examined hy Taube and Myors (217) ani by Geovze and Griffith
(218) 2an4 recently by Hatnern and Orgel (219),

Halnern snd Oroen (219) develomed a se 1 guantitative study
o7 the =nle »* hridging zv5 ng in promoting =lactron transfers

betwern mnota 1ong in solution treating it as 3 case Hf

'strone Intergetiont where considerabloe orhital overlan and

interactinng between arkitals 5* the motal iong throush thoge of

+

he bridoin- FTOUMS 7ive two tynag o° e¥ch=nee mechanismg--
Aireect 4snhle exchange ani saner exchann~o, iXnressions “or the
exchanee frenuencies fon these %wa 1ifferent tynes »of exchange
are derived ugin- tha time—%onmnﬂent nerturhatiosn theory, ﬁush

(220) Aovelone~ s auantitative treatment e electron transfer

J

assuming "strong interaction anq aliasbhagtina transcern corresponding

VRN
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to real situatiop commonly mMet in chemical reactisns. Halparn
(21) summa~izeo= the guantitative theories of electon transfer
as (1) a case »f non-aliahatic electron transfer, (2) aliabatice
transfer--weak in*teraction and (3) adiaha*ic trans®er-=-strong
interaction.

B _Mechanism 2° Wlectronz Transer:

The mechanismg »f Airect electron transfer can he broadly
treated hy three tynes as has heen described by Taube (7) and
moré recently by Hal»ne—=n(21):

1. Meactions via the osuter sohere activated complex
2. Reantions via the inner snhere activated complex

2, Resctions viag unknown mechanisms

Kinetic stnlies described earlier undonbtedily give insicht into
the nature »f electron transfér but alwavs a few crucial éxneri-
men -s demonstrate the nrorahle mechanism. R®lectron transfer

. 3 0. 24 4~ 3=
se~urs in the case of Cn(en);*-- folen)_, FTe(CN)g -- ?e(CN)G
1 ,

-
o

and MnO& -- Mn0Z for examnle, throuzh an oxtended activated com-
nlex in which the first coordinatin- snhere is nractically un-
'a7focted, The other kinctic reason may well he that the substi-
tuti-n in these comnlev iosns is slﬁwé? eommared tothe electron
exchange. A roma"kahlo snanstisity by the »nresence o° Cs™ ions
has heen #enorted in the Mnoi'_“ Mnﬂ; evchanze b7 Gjertsen and

Wahl (75). An outer snohere bridse activatod comnlex of the tyne

G X . s AL
| 05Mn0 - Cs - OMnO, !

f 5
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has heen vostilsted fq%valair the linesa~ bohavinur »f ~aesium

ion ca%t3lvsis oshsa~ved in this exchanse. Similar role of eations
in the WO(CW)S Fo(””) ig oredicted, Tsing theelectron snin

resonance techriaue 4idam and Weissman (43) renort in the caSe of

Na—kétvlo 2% henzoshenone an? hanzanhonnne system in 1,2~ q1'neth'3-
xyethane that each oleetron seam to capry its sodium nucleus,

in other words a tyve of Na-atsm trans®er nrocoss.

C.H . Cll
iy A8
Ui "0 =il < ¢ seeie

N
' \
& /// \C H

675

Taube an? coworkers have made siwnificant contrikutioson in the

area of inrer snhere reactions which arenr vi= the inner snhere

activated comnlex (or bridse activated romnlex.). The best
~xaanle is the mechanigm oMmeratin~ in the Taube's reactisn des-
ceribhed n3~lier, The stryeture 5° the activated ~»omnlex is

4+
[(VFIQ - C’)III -- X - CT'II (H?O)S/)

where X may be ¥, 017, B CNST - Ng, SOZ"9 POZ', P?O%',
acetate, butyrate , fumsrato crotonate, oxalate, succinate, male-
ate, nhathalate, isonhathalate, terenhthalate, henzoate, v-alde-
hyds benzoste, ete, The hi~+h matag AF ferevhthalate and “umarate
comnared to other carhoxylic acids have heen interoreted in terms
of a hridge grtivated comnleves such as

4+

\

(NHé)S g SR ¢ O,._.Cr(H O%

L
\
OH

Q—m

Qe e

A

]




a3

VAl g
(WHQ)SCQ — 0 O""‘CT(HQO)S
‘ N
0 —0 Nooog
a L AN |
0 = OH

The two metal isng are coordinated to 4ifferent carboxyl zrouns
an1  the eloctron ig trans®erred by some emAunction mechanism
through the conjusated T -electron systom, Seyral aceomnany-
1ng activation effae-tg in electrnn trans®e- roactinng have been
renortet hy Tanbe and cownrkers (I%), (116), (117}, (118), (119),
Ball and Xing (58) renosrt in their study of the exchanze
reactiong »° Cr(I1) an? I (IIT)X tho "o1llowing bridge activated

comnlexas:

[- & % -o- 3 ]
£, N
</

(‘- *}4+
- Cr - N=N=N - Or*.
/\ /N
; \/. 4t
- CT - N=C-3 - Cp*. _J
e .

Trom a kinetis~ stndy thev su~gest the “ollowine arder of

<

3

<

>H<

ef'fi=

e 7

ciencv 5f the hridoine Ir2ns far electron trgngfenr between

Cr(II) and 2r(III)° The svmmetrical nature

0f the azide i-n scen +5 “acilitate "ar movo raniA clectron
trans”er via hridse mechanism as ig seen in the ~ate commared to

the relate? NCS™ isn as the bridzins eroun. The rate 1in

H

~ 10% times larze

o

bresence »” tha gzide iosn

(93]




More recently Chis and

m~y

electron transfer between v
- —_ ;
[‘(H90)4F -=Cr=-7-=Cr(Hs0)g | is the hriize activated comnlex

rather than a symmetrical snecies:

In the aresa of rea~tisns with nncetaln mechanism the ex-

)

change of Fal(ll)==%e(Il1l) iz fthessromost in'snite »® the Tact

~ »

several investigators stuldied various asoects 77 this exchange,

Often comma=ison is made wlth reactions 27 known mechanism, for
examplo the m6lative vrates of axidation of V(IL), Cr{II) snd
2 2
. 3 . = .
C‘r(/ilr.)),3 by GQ(NH3)5 % obtainaed by Zwickel and Taube (52).
"ar many reactions wvhequivocsl evidence, whether the reaction
belones to the inner swvhere activaled tyoe or the outer snhere

activated tynwe, is not avallahle and more work seem to be in

1

order,

ol

b | Higgingon (222), Newton and Rabldeau (179) have tried cor-

relations inwnlvine the entrony of aectivation vs the charze on
the activated domalexyr  fis

Mesie - illustration by Halvern (21)

D
)

i ainee AsTF

=
—~

hased on the 2ata of Higginson ¢t a

L}
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is.a nse”nl kineti~ paramefer nrbviding in®ormation about tﬁe
shrlictyre efthefscilivated Cﬁmnlog in related systeoms it will
be worthwhila “sr 5 comnarison with reactisng o known mechani-
sm, Likewise nther kinctic narameters shonld be useful such as
AHT and AV

Sincenglpelron gxchanse isystens: are often -studied in
water as solvent s change 1o golvent isg usually induded in the
gtuly nof several systems, nartienlarly in.DQO. The Dy0 isotone
e "fects are shown in tabhle 14. In many cases so2lvent isotone
letleet is nable tn gzive uneauivoesl evidence for a snecific
mechanism., Other solvents have heen usel onl- in a limited
number afl stiiessii lianid sulitur diﬁ?ido (223), liquid asmonis
(104), glacial aceti~ acid (139), acetic anhydride (139), ni-
tromethane (87) alcohole (86), ethylene glycol (185), benzene
(202), acetane (177)y ‘eke, Mueh neeils tohe d'ne on the s»slvent

effect on the elecchtron transteriresehions.

SOLVENT DEUTERITM ISOTORE HFFECTS IN OXIDAITION~-REDUCTION REACTIONS

Reaction k11,0 / kp_o Raft',

002“-'- Cg?‘*‘f 2 (101)

i e L LA (152)
SE (); 'l.'

NnOg5 == NnO e (184)
' s b

re2V . Te0H? 2 ! (83)
v DL

Fa2™ oo Fec1® 55 (224)

Pe2” = TeN. 1.5 (94
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Reactinn kTOO/ KDQO Ref,

VY oo co(NHy)ET 147 (52)
2

p] ¢

St oo Co(WH,) 012 2,9 (52)
Cr?ran Co(NH,), 1.3 (52)
cr®* - Co(NH,) 0H 3.8 (65)

2 g n g0 d T?" S~ ~ =
Cre w- qo(NLB)SOE5 .6 (65)

> 3 A+
Cretaa CQ(NHQ;ECl L3 (66)
crat.. CO(NH3)5(H-?umafate)“4-m»Z. (67)

. O B 3+ '

Cr(diny)q -- Mo(NH3)s0Hg 2.6 (70)

S 3+
Cr(diny)s -~ Co(NH3), 1 * (70)

* Zwickel and Taube ( ) renort a 307 reiuction in the
ey o . e 2+ .
rate of this reaction if To(NR)X 1s usei as the oxidant.
OTHER KINETIC ISOTOPE EFFECTS

i 0l k (016)/k (03%) k(wl?)/k (N19)
Cr2 == Co(lH,) £OH,, 1.035 ©1.003 (225)

Murmann, Tanbe an? Paugey (225) internret the oxygen iso-

Bl g = MR S 27 - 3+
tove e fect in ‘the oxidatisn complex. Cr™ by CO('HQ)5OH2

as weakening »f the Co==-0 hond in the activated comnlex. The
sngller igotone e pct for nitrogen is alss indicative »f sl ighb
weakenin~ 27 the Z0=-=N hordg in the activated comnlex,

~

G. Apnlication of Bleectron Transfer:

The field of inorganic reactinn mechanisms has been
211 alonc s nczlected sne with but a han?<ul of workers inte-

rested in annlying the techniagnes of osreganic reaction gechanisams

to explain the behavisue of certain cpordination compounds.
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However, since the sccond world war a2 new interest bezan with the
advent 92° ftracers and novel technigues resultine in almost un-
believable amount o7 wnrk., The stu?y 5° clectron- transfer reac-
tions is one evamnle in modern iror2anic chemistry. The annlica-
tions 27 this in nrenarative ~hemistrv have alrealv »nrovided

short and elezant methnds for »nrenarinz commlexes o7 metals in

oF

substitution-inert oxidation state. Beck (226) zives a novel
metho? “or the nrenaration of a Fe(III)--complev of cyeclohexane-
1,2-diamine tetranscetic arid (Chenta) using an electron transfer

exchange reaction

Fol(TT) -+ Chenta —> Pe(II)-Chenta
Fo(IT)-Chenta 4+  Fe(III)-Xylennl oranze

= Fe(ITI)-Xylennl orange + 7e(IIIN-Chenta
Te (IT)-Xv1lennl »sranze — 7e(II) + Xylenosl srange

Yong fie Im an? Rusch (113) renort a movel nethod of resolu-

_ ) - D
tion throngh clectron trans’e~ in the system Co(PDTA)” ~--Co(PDTA)
(PDTA moronyleneiiasmine tetraacetiec a2id). in equilibrium mixture

eontainineg nearly 207 of ene of tho isoﬁors has heen obtained in
this study,.

In cpnelusiosn it may be satid the Tield of electron transfer
is jus*® becinninz and with the concerted efcorts o° nhysical
chemists, or=anic chemists, biochemists an? nhysicists it should

be nossible to Arvelon an undorstanding oF the more comnlex sys-

tems cncountered in bhiolozical electron transfers,
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