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whose ~ver-c~~wce~ al~um ~hose ~ ~ticles once bolon~ed almost.



nature of the electron trans~er Drocess itsel~ is the least
underst~~d of the ~undamental Drocesses in solution chemistry.
AttamDts to classi~y the electron trans~er reactions as having
hi~h activation energy and hi~h activation entroDy on one hand
and those having hiryh activAtion ener~y and low activation en-
trony on the other have not been as success~ul as ~irst thought.
Mor e recentlv, n.:»l eller, the corn"j]:--xtheorecic al nrolJlems associa
ted with the mechanism of electron trans~er in solution are re-
cOF.;nizedand Y"Ja-rtialsolutions atto'11Y"Jteilby somewhat arti f'icial
division o~ tho elect~on trans~er Drocess itsel~ into three
successive staaos, na~oly, the initial aDDroa~h o~ the reactants
the surmountin~ of the ~ranck-Condon barrier, and the mechanis-
ttC Da 1t convinc iOf!, t~ the convon tiona 1 chornist.

1
Grea t signi fi-

cance t8 the-reoore attache0 to the work of Marcus dealing with
the ~irst two aSDects 00 the Droblem and to th9t of Halnern and
Or~el on the latteT'. It is theref'ore the Durnose of this reDort
tobrief'ly survey the v8-rious elect-ron transDer systems in the
Dcriodtc table and t~ comment on the current status o? the theo-
retical develoDment ~f the subject.
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hard snhere model of tho kinetic theo~y. The measuro~ crass-
sodtian ~rom ~rift volocitv data ~i~ht well bo"caliorl the cross-

Tl +--1'1+++ ,



·Cr(II)
Sn (II)

Co(III) + FeCIII) + Co(II)
Co(IIl) + Cr(III) + Co(II)
WeCIII) + Sn(IV) + ~e(II)

-netic resonance and nucle~~ ma~netic res~nance are some of the
\The isotopic exchan~e reactions between



The f'ollmvina examnles B"'C sel~-illustrBtive:

Fe2+ H' *3+ *0+ ?~++ l e = 70 '- +

V2+ *3+ *2 3++ V = V + V

Eu2+ + 1? *3+ = Eu"*2+ + Eu3+.wU

Cu(I) + CuCIT) = CuOI) + Cu(I)

* :::.: -
Mn04 + Mn04

4- t 3-
4'e (CN)6 + ="0 (CN)6

00), ltlah1 and Bonner. (19.1:,1) (1), Edil/a-rds (1952) O"t),

, AmDh1ett (954) (3), Zwolins'CI,.Marcus (R.J.) and

Eyring(1955) (14)~ Roginsky (1957) (15) Stranks and Wilkins

Clg38) (6), Basolo and Pc;rson (195q) (17), Taube (1959) (7)

(18) Marcus R. A. (1959) (19), Str8nks (1960) (20), Balnern

(1961) ('21) and Fraser (1961) ('2~). It is equ811y interesting

National Laboratorv (1Q48), Paris (19S1), University of Notre

Dame, Ind iana (1952), HemDhis (19 "i6), Chicago (1958), Toronto

09S8), Gottin~en (1959) and Neiycastle-uDon-Tyne (960)



C. Expe~imental Methods~
B~oadly soeAkinE grear bulk Jf the jgts 00 eloct~on t~aos~er

systems in aaueous solutio~s comes ~rom the isotonic t~ace~ mothod
It is the~e~o~e ~~rtinent to stU0Y in oetail v8~ious eXDerimental
metho~s utilizin~ this techoinue. Howmve-, other nhysical mothods
not involving 2hemicQl sODa-atio~s as in the case of isctopic
tracer methQd also deserve ffient~co~. ':i'oreX9mple, 'Ileasllremonts
of tho rate of' ch,gn'J'oof obt Lcal activity have boen lJ.sedto obtAin
elect~on t~ansfer ~ates Dolarimetric~lly. In ~~S0S ~h0~e t~c
electron transfer hAlf-times ,gee verv smAll, 0: tho order of
seconds and smalle~, c0~tain fast ~oaction techniques involving
f'low methorls in sDeciallv ~Gsi~no1 2DDaratilses have been used.
In ad0ition techniaues 8~sed on nuclear ma~netic and electron
narama~neti~ resonance a~e also use~ul f~r measur~ng reaction
half-times in the milli and microsecond re~ion and these techni-
.'ues will be ~ic:;cllssedin each case.

11Qtoi1ic E~{"change Mcr'1od:
T~o i1o~onic exchan~e method of investi~qtin~ electron trans-

fer reActions depends em the ·Q')llo~lin'S,Qactors: (i) the existence
of tw') op more oxidAtion st~tes of an element which are stable
in .aqueQus solutLm and soluble over a -resona81e range Por kine-
tic stur'lies, (ii) the molocular slecios in soliltion m1lst be iden.t
tical exce'lt ~'or cha"f;c and (iii) a ~adioisotoT)e ')"f reasonable
~l::h~li·f's· ~nd known doc,gy chC'l"actoY'istics or enriched stable iso-
tODe of tho element must be availahlo. It 14JIJ.ld1-)0 oxnorimentall.
convonient if the half-liPe of tho TAdiGisotope is far ~reater
than the hal-"'-timos 0-'" tho Y'oAction 1"IG Are m01surin~. Othorwise



(23), (241' (~5), (11) thqt tho ~adi:::>Activi t-y

the p.nthaloy changc, 6 q ::: 0 and tho-"e-f"yr'c the '<"'rGc Gncrc;y chAngO

Y' ::: -T.68. The cntroT)y of the eychano:in<:; systOll at GC111ilibrium

mixing of isotoT)es Anil -;_8 "lccom'Jar;iea by a decrr-ase in t m Tree
Jl,

ene?'gy. This~thc ~rivin~ -f'or~o ~:::>r an isotooic exchange rGacti:::>n



quench the ~Gaction. Several scnaration meth8ds bQth physical
and chemic9l have heen di9cusse~ at length in many standl~d tex'
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Because ::>""the rarli::>chcmjc'11 ar~'.7:'jnt"le, 1[48 'wo":a"::'crlby Ti48
(d, 8n) V48 reaction has ~ec~ used, ""~r aX~lnlc, AS a t~3ccr

V*III *TIV -

m::>lar concentrati::>n of the radioactive at::>ms of vanadium (II)
and vanadium (III) ~csDectively t~::>u~h no~ligibly small.

total vDn8.diun· (II): ::C [Y* ( iI)~ +CV(Ii:)J '.::: D.., lV: (II D ::: x

total vanacium (lIlt::: V*(III) +l V(IIIU ::: b,rV*(IIID ::: y

Iyoc = /a Ib

Rate of dcstr'1ct:'..::>nto lSo
r1x/d t ::: ("S y/b) . (a - x)/a
dx/dt ::: (BlAb) ( a '1' -bY.:)

~ate ~~ .p::>~mation of V*(II)
bact{ t::> V*(III)
(R x/a.) (b - 'J)



whero
y/b -,8 the fraction ')P reactt'J'1s occurring with V*(III)
x/a is tho -f'r8ction of react-Lons ')ccIH'ring with V*(II)

(a x)/a -1. S tho -~:r,'3c ti :)r1 oe:' .•...
:)c c urrin ~ \tJi t h V (II)- T'0 ac I~ l ') ns

__ R/ab

R/ab
(ax!:Jo + bx (k; - ex -
(a + b) (~'L"- x)

y :;::x~+ x~

bX)

Substi tuting
dx/dt

Th~ can be written in a Por~ suitAhle ~:)r integration,
i r) dx/(xr;c - x) == !',R/ab) (a + b)) dt

x :;::° at t == 0,

- In (XQ0 - x) == (B./ 2J)) (~ + b) t + C? vrhere C = -- In x 0:)

In (xoo'- x) + In X&o == (R/ ail) (0. -+ b)

- In( 1 - x/Z:r.X)) ==(Rt/ab) (a + t)

{' .,

ox D i -(a + b )-q t 13 b ~
\__ J



activities o~ one or hoth the reactants Ao , A~ and A~
bei~g thesneciFic activities at zoro-time, at time t, and

renorteCl by Krishnamurty' and VlClhlUn). Figure 1 is a semi
log plot of (1 - P) VSw t from whic the tt CAn be read out.

a semi log plot of the ~qtc 0onstant, k vs. rocinrocal of
temno""atu-'~e, a liT (Arrheni!lS nlot). The experimental acti-

k = eKT/n < sxp(-Ea/gT) :t=
eXD (AS IE)
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If tho volume chAn~e on formin~ tho activAtoi complex from the

~eactnnts is assumed to be ne~li~thlo the enthalpy of activa-

t-i ')n, ~ n* = Ea - gT ?rom thi s the free ene r~y of
-±

activati:lD,A}j1 COlD be c::JlculAtr,d usin:; tho equation
""" ~ -::t:

6. F""- =D.H .- T~ S 3'i~ure 6 is a study of the

acid tdoDenrlent 'iath. ?i!.?;ll~e 7 is ;:) study of the denendence

of added chloride ionconcent~Ation and shows the Dlot of k ~s

(el -). He~e a~ain the interce~t ~ivr,s the rate constant for

zero c~loride ohse,,:,ved in tlJe chlo~j.de ion cAtalysis of' the

If ~ = ~ then t = tt And the arate of equat;on hecomes the

rAte R ;= In 2 (ab)/(a + b)t-~. The !'Ate constarJt~ k t~eref'ore

is in 2/(a + b)tt AYJdwe obt.qin the familiar "bimolecular

exchcwge law" :Z=k (ah), i.e. 11::.:k [VOl)] lV(III)]

since the molar conccn~rations of the t~ace~ atoms a~e negligible.
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kinetic ~ato e~~~essi8n ~~0m whic~ mc~hanisticRlly the oloctr8n

R :::: ,~ \[( I I ) J ~V( I I I D [ k a +

whe~e the 8irst to~m is indoDoriont

cientlv acid soluti0ns where the hv~r81ysis
+-l-.L

V' " T H~, C
G'



v+++ -~

dcveloryed Ad1D~atio"s or ~~c q1~t~idgc gnd ~ou~hton an~aratus (33

to -('{Ollow tho kinc-t:ics o-~ IInO~-_.-.It10; exchange, Ag*(I)--Ar;CI
4-- 3-

exchanr;o an~ the '-"e*(Ci'J) 6 --"8 cr~N)6 8xch8'1f[,c. Tho stUrly C)f



?..l..
co~nlex i~ns Ijkc Os(~t~y)~'

. ./

+ . .c>.... •• d!"'l (,",' ) 2+~lme a ,,0"" ffilxlne; . -us ·l_"Y 3 - ..•..h 1 f'\ (rl' ) 3+'I'll,.,. ..:...-.IS, ..•.l1JV 3 ..

Electron PaY'amagnetic and Nuclea~ Magnetic'Resonance Methods:
Fast electron t""ansPer ro~ctions with half-times 10-9 to 10'



-1sec.
chao~e ,':."'Gactjon mogsl1red in s:Jlq'::io'J. Giulano 80d AcCormcll (46)



fT~m a stu1y ~D V-~l ros~nanco li~o brDadoni~g in .G.5 f acid

solutions. Britt AYJd Y"n (47) rnoas'lrod tho rato of tho Mno~:- Mn

behrer:n simDlo ions and bobrecn l:::Jrgo cOffiDlox ions, (3) one c lec-

tron tr'3l1S POY's and b,O 0 loe trol1 ~r "'lany 0 loctr Dn trans f'ors, (4)



""1 • 2
V

~ 0.25 ~ -0.36 -1.0y.c::+----- V)+·_----· V02+---- VO~

exchange is r:~nsisto'1t \IJi-J::h+:he 1'1 i, 1:1 = 1;: Cl(II)

The cXDc-ri:len+:a1 act=-V"1tii'J cnnrC;T

activAti,)ll "}a~amctC'rs q-reL\H"*

is 1~.2 kca1/mo1c, and the

1206 kc.q 1/m81e, .6. S::f = - 24 ..9

e.'J., And 6.. 4'=* = -20.0 kca1/mo1c.

to 4.0 8r by rco1accment o~ .aC104 by LiCl~ ~or adjustment of

it = 0.61
I

k2 = 0.21

k3 ~ 85

. -1
·"1l n •

,,-2 . -~1.' mln.

+ '1+++
+ VOH++

T- , +++ l.'



t-2 and -,..3 st:1tcs 0-'" vanadium BY"Jdit would JO iJJte:':'osting to

~~-
k, f-1 -1 F kcnl/'11olo L\S ~, e. u Ref.System sec. ..J.' ,

V++ V+++ 1 x 10-2 13.2 -25 (27)
H'e++ Y'e+++ 4.° 9.9 -25 un)
Co++ Co+++ rv5 1~.2 -13 (100)
Cr++ Cr+++ <" 2 x 10-5 22 --8 ((57)

\~ith tho lAW, f1 = k [y( III) J IV( IV)]/ ~ ~+:J
can st8nt

k = 4.5 x 1012 exp (-20,700/RT) sec.-1



+ -3H , Kh_~ 2 x 10 IiI

++1,oJherc as tl,o if (IV) 'vi 11 he ';resent ~~s V0 or a hvr'lrated fO;r\-'n ~f
+-'

this as V(OH)2' , It is thus Jossih1c t~ c:<tract the ST .Jci f'i c

++ ++hetwee~ VOH 1nd VO

= O.~9 M-1 sec:1 at 0:). '"rhe e'CDcrirncYJt'1l activAti::m cnergy

f:)-" this cxchan/Sc -reac '-j 80 is 10. 7 kC~11/rno1e Clndb. S =t = -~4 e. u

The mech8nis~ mi~ht involve in ad4iti:)t1 to e1ectr~n transfer,

of this svstern "sinlS nuclea-r lJ1ac;nctic res~nance technique descr4,-

bed 0::1-,'1 ;.er. ?r~m a Stl10Y :)f V-.Sl resonance line br:)adening the

T'ate 09 alnctr~n e~chln~a between )arama~netic vanadium (IV) and

diama~ncti~ v~naiiurn (V) in ~i~h aci~ ani chl~rido concentra-

tions has ~e0n 1J10a3u~nrt. It 5s first ~rder in V(IV), sec~nd
":6 -2

order in V(~ and ~~e sDecifi" ratc c:)t1stant k = 1.5 x 10 M
-1sec. in 6.5 f H+ and 3 ~ Cl-. A tentative mechanism inclu-

des a r8Di.rt r:o-~n~mnT'-rlimer e(1'1"\librium in )~lving v"'lnadiu'TI (V)

2 V(V) =
(V(V))2 + V(IV)

excess of chloride in

(V(V))2
(V(V))2

n10xinIS :)f the V(rV) and V(V) slJr;cles tn a-::,::o'mt "or such hi;:;h



~ollowing rate laws.
-d(V++)/dt = k1 (V++) (C10"4J .- 2k2 (V++) (C10~)

and in the ahsence o~ V(II) i~n
- d(V+++)/dt = k2(V+++) (C10~)

The ~ato dete1"'mining ston t n tho V o:n-..C104 rea cti on is reDor ted
to V++ or possibly

to C104 Bennett and 8hen0ard (51)

V(II) + Co(I1I) _._!S.]>.V(III) + Co(II) K
V(II) + ;Fe(III) ~ V(III) + FeCII) K

> 300 M-1sec:'
> , 05 M-1 '-1sec.

[-H+]. _ The stoichioTIotrv of
+ V3+ + H20 = Pu3+ + 2 H+ +

th.,-., re8ction is
V02+



Hi'.!~inc;or1, 'ias scd.r1sky, stC'.qr~ -::;n0- ·Svkos (5.5) studied the

kinetics 0-" tho -"ollo,,ving rC!ictions in HC104

V(III) + Fe (III) .--7 V(IV) + Pe (Il~,'-

V (111) -l- (' (rn) -7- vcr!) + Ca(II).':) .~.l.

~ V(III) + "'1 (T~I) ~ 2v(Iv) + Tl(I)... -L 1

2 V(III) + 2 Hp.;(II) , 2V( IV) + (Hg(I))~

2 V(IV) + 1'1(111) ~2 V(V) + Tl(I)

and the equilibrium constant "'or

Vcr'!) + cO (III) = V(V) + ':"e(I I)
'~

Useful r:oY'relattons be tHe ,"1 the entrJDies C)f activation 68

char~e on tho activ~tcd comnlex have been made commenting on the
4-

nositjv 0 \1.11'10 0" D.8 -r' -"oiJnd in some C'3ses--see FifS.ll

CH-q01'1Iill-1 .

o • 91 0 0 41ft' 1 . 33 2-Cr ----" Cr2+-----Cr~~----Cr207

Cr(rn--Cr(III)l. Plene 8IJd 'r.swb ('56) in their investiga-

tion of the kinetics of exchange of water .between solvent and
3'"

Cr(H20)6 t'OI1'ld Cr2+ exerting-a marked c'-talytic ef'foct on

the exchan~n. 7Y'om these experiments which ~rovided an indirect

Ul')per limi tfor 'th~ electron tr8i1sfo'; 1--ctweon Cr2+ and Cr3+
- 1 . --1as 0.028 1'1 • ffiln.



·chromium(IEI)-ll,,')xa1ato com:::J1ex l.vhi~h di'l not e'(cha'n~e with
3+

~"C'(H 20)6 '"rho e'{~h8nf':e i.s slO\" and h:~l"-timcs of the

2+"k2 ( Cr2+) ( CrOH. } where K1 and K2

are given the values

k1 = =0.07 f-1 hr:1 and k2 ~ 2.5 x 103 f-
1 hr:1

hath via the t~ansition state:. ~ _

2+ . "+ 1-crO--H- ...?C;-j \ 4+
Cr( H20) + Cr*OHc, ........::... ~I H ~

- ~ I.!. _ ~-

B311 8i10 ':in.g (58) rCDort bhe ratlJ of' electrcH) transfer of

Cr(II~--Cr(III)X systems, whe-e X = D1uo~ide, chloride, bromide,



Cr2+ Cr*3+ 2 x -5 (57)10 (24.50)

C 2+ Cr*OH2+ O.GG (84.5°) (57~....r
Cr*2+ r.,.,1('2 2.6 x -3( 0) (58)...•_ l 10 0
Cr*2+ CrC12+ 0.15 (0°) (58)
Cr 2+ + It.< 2 x 103 (25°) (59)- t, -~CrC12
Cr~2+ CrBr 2+ > 60 (25° ) (58)
Cr* 2+ crN~-i- >1.2 (250 ) (58)
Cr*2+ Crl'TCS2+ 1.8 x 10-4 (27°) (58)
CrU2+ Cr*U3+ 8 x 10-5 (mo'thanol) (60t)

56°(U = uroa)
Cr2+ Cr(NH3)5 ..,,2+2.7 x 10-4(2.50) (610~

Cr2+ Cr(NH3)5 Cl~+ 5.1 x 10-2(25°) (61)
Cr2+ Cr(NH3)5 Br2+ 3.2 x 10-1 (25°) (61)
Cr2+ Cr(NHJ5 T 2+ S.5 :t 1.5 (::~5-l) (614_L



reaction of er(IlI) Rnd Cr(V), the latter being in equilibrium
with C~(III) And Cr(YI). The exchange betwoen Cr(V) and Cr(VI)
is assumed to be ~elativelv ra~id comna~e1 to the er(III) and
~r(Vr'. exchan~e. At 94.30 ond in solutions of ionic strength

10-71-
1

K -10.92 the observed ~ate constants gro k = 6.6 x ~ sec. and
-5 -1::: 1. 4 x 10 Iv1 --1sec.

studied kinetically in detail in recent years. Libby (64) con-
cludes that a su~den change in hond type ~rom ionic for Cr(II)
to govalent for Or(III)

Cr2+ + (NR3)5Co 12
apnlies to ~aubets

+ +
+ 5 R = 5 1IT14 +

:f: =i:
l:.H and ~ S

reactions.
C - 2+ C 2+rlJ + 0

.~
o 6g-+- t::. s=*c ..

(kcal /molo)e. uReL
Cr2+ Co(NB3)5 R 203+

Cr2+ Co (NH 3) 5 51:{ 2+

Cr2+ Co (NH3)5 012+

Cr2+ 00 (NP3) 5
2+

°2CCH3

Cr 2+ Co(NH3)5
2+o 2 OCR 2C1L

O •. CS ;20 2.9 -52 (65)
1.5 x 106 20 4.6 -18 (6§)

.~ 103 20 (66)
0.13 2.5.1 (67)

O. ]~1 29 ..5 (6~)

/



Cr2+ -- 8o(NH3)5 O2 ('f"W" 1 2+ 0.08 ~0.5• -~.Jl. I. .J 2

Cr2+ -- Co(NH3)5 O2
(;(' ~2+ 0.07 30.00.I...J'_i3

2+ Co(NH3)5 'H . t) 2+ 0.17 14.1r -- I. _ -SUCClna e
2+

Co(NH3)5 (CH3-SUc(~inatet+O.17Cr -- ?,l:;nO

Cr2+ -- Co(NH3)5 2+(H- -"'!lmara te) 0.75 14.3
2+

Co(NH3)5 (CH3--"'umarate) 0.43 2.5

Co(NH3)5
. 2+

(ll-phthalate) r).06 14.2

Co(NH3)5
2Jt-

(H-isonhthalate ) 0.11 14.8

Co (T'P1.3) 5 2+ 1.).6(H-terenhtha18te ~ 36

Co (JiJE3) 5 2+(benzoato) 0.16 27

Co(NH3)5 (D-a Idehydo 2+
benzoato) -.....500 27

Co(NH3)5 H-Oxalate)2+ >200 25

(68 )

(67)

(68 )

(67)

(67)

(67)

(67)

(67)

(22)

-47

-56

(22)

(69)

In additio~ to tho5c listed i~ the table very recently Fraser (28)

, -'" 4;r Ct1t - 1 -1obtained second oT'deY' ""'ate co~st8nts rang~_nfS 1. rom '\:;!•• 1,,31 to 1.6 M sec.

classified 8S inneT'snherc "Y'eacti ons t:leTo a-Y'G? however, reactions
, 2+

.,. l:th an outer snhe:re recl11cbmt such ns C"Y'(dinY0 shown in table 4.

~he rate is sensititv8 to ch~ng8s of pH

/



"':1 -1 -3k,.M ~in. x 10 atemp., C

Co(NH3)5 H203+
Co(NH3)5'D203+
Co(NH3)5 C12+

Co (I-J1I3) 5 Br2+
3+

Co(en)3
3+

Co Or='13)6

l~E 4

4~ 4
630 4
>103 4
2.2 (p _. 0.1) 25
41 (p = 0.1) 24

electron trans~er reaction. In su~port o~. this a ~eneral comoa-
2+ 3+ 2+

rison of the rAtes bot~eon Cr(JiuY)3 -- Co(en)3 and Cr(dinY)3--
CO(NH3)~+~s mad0. The bu.lky size of tho ethylenediamine (on)

3+Hence Co(en )3
11+will reqct with Cr(dipY)3 less rAoidlv 1S shown by the magnitade

of the soecifid rate.costant.

stl1c.iec1by Peters and' H8lDe~n (71). At 1100 the second order rate
-7CO!lst"lntk =1.5 x 10 811d the exneT'imental Rctivation ener~y is



11Q 2,--1.51 3 -0.95 -2.26 2 -0.56 -
Mn -=.3,,~ Mn -j- ------ Win + ----.- Mn02 ---~-ri~04 - ---- Jl/.fn04

medium is f'lSt may well be ':lUGt8 resDective oxalato complexes
of Mn(II) and Mn(III) ~articin~ting in the exchange rather than
the ui1c8mnlexGn ions.

Exchan~e hetwGon Mn(CN)~-
o

1'-1n(CNt- has a188 been reported
as fast (74)

Mn(VI) -- Mn(VII):

R = k CMncf;]
M NaOH is' 710

[Mncr J
-I- 30

and the rate C8nstant at 0° and in 0.16
-1 -1M seco Tho Gxperimental activation enor~y



by G jertsen and T.rahl(75) ShOHS thrit the rate increases linearly
with the cesiu'rnion co~centratioi1. ,~sug~estion thgt cesium is
the bridging atom in this Anionic electron transfer system is made

,- 03MnO--Cs-'-01VrnO -J 2-..... 3
) 2-and Yen (47 studied the Mn04 --Mn04

Dulsed nuclear magnotic resonance technique and reDo~te almost
the same rate constants (within >'V30%) as by the isotonic exchange

knmr. ( 1 .23

(1 070

3 -1
+ 0.25) x 10 M

+ 0.22) x 103M-1

-1sec.
k.l.e

-1sec.

Mn(II)--Mn(VII): No further ,,,orkhas been done on this diffi-
cult system si~ce ~damson (72) renorted a rt of 20 hours in 103M
solutions of the reactants and in 3M qclo 4. Manganese dioxide

ducible. However, a rate law
R = k [H+J1 .0-1.6 [Mn2+J100-1.6 [Mno~lo.0-0.6

~e Q~11 Fe2+_:Q~77Fe3+
~e(CN)~- :Q~~§~e(CN)~-



mehhod of senaratiDn Nahinsky (7() rGn~rted that the exchange is

c~mnlete in ~)'.S sec. whero<:Js V~ln t.ltcn and Rice (7.7) using a

di~fusion method of senaration gave a tt cf 18.5 ~ 2.5 days.

Kierstead of (78) usin~ the sarno di~fusi6n meth~d< ?eperted 39

Leigh (79) ~ound that the exch~ngo was comDlete in ~ne-half hour.

Linnenbom and hlahl (80) obtained di fferent resul ts when they

Sivnrman and ~odson (81) develoned an ingeneous chemical

method of senaration bI which .:;'e(II) is cOffinlexed to form Fe(diDY~

whileprecinitat:Lng the file(ITI) O1S -~he hydroxide :;'e(DH~. (c.f.

the same method ""as slJ.ccessfu~1.·T 'lseci by Krishnamurty and 1tVahl

in the vanadium (II)··vanar~ium(II::) exchange.), Using .:;'e-55 as

tracer the kinetics of ~G(II)--~e(III) GEchange have been studied



nge reactions betweon ?o(II) and
2+FeB'

betweon ~e(II)--~e(III) in li~ht and he8vcy water and fount that
the kinetic isotoDG e-P.Dc:c-t:: kJ)20/kH20/= 1/2 nearly the

3+Fa

.." ?+.'e- 2'FeC 1 .T __..,_. +

2+FeCI



action of the va~ious soecies differentlY ulaced in tho two solven1
I

Horne (85) investigated the rate of FG(II)--~e(III) exchange in
methyl alcbhol, ethyl alcohol and n-~rouyl alcohol, Sutin '86)
in isoprDyl alcohol and Maddock (81) in nitromethano. The excha-.

Fe(CI0~3 in isonroDyl alcohol and in watcr-i'sooronyl alcohol
mixtures @u±in(86) eXDlains the obsorvod deceleration of the iso-
t')nic exchanc;e between Pe(II)--Ci'e(III; (l{~dki-prop == 108)
due to a varietv ~~ CRuses: (1) comDlQxi~y of the exchanging

equiliprium ---
~ Fe(H20)~+ + H20 == Fe(H20)50H2+ + H30+

Lieser and (kh~oeder (8R) stu.(Heo +:ho'4'e(II)--8'e(III) exchango



Horne (89) made an extensive stud? of the oxgla~n ion cRtalysis

on this exchAnge with 3 vjew tanstablist nny di~Pe~onces in tho

renartod to be cgtalvza~ by s~~v0r P8~1? 2nd by accot1te, sac-

Avajlqhlo ki~etic rlqta on the 7e(II)--We(III) exchange are

Fe (CN)46- ··-"e (-;J'J):}-:
------ .....2.

fUlly measu~ed the rate of this fast exchange reactions using
. 4.·

4'e-55 labelled ri'e(C~)6 ion and a slocially desip.ned adaptation

of H9~trid~e-Rou~hto~ rgoid mixing aloaratus resembling the one

Ll sed earlier?oT meA s urin ': the fast 1:1nct- - - Mn04" exchange.

H9lf-times as smaLL as O.O? sec. \'70:",e measured reproducibly.

Prior to a det~tled kinetic stu~y Lv Dec~ a~d Wahl (31) factors
\

c8u.si.ng nORY'ly }0000 Z(,"'O ~tir.lo ("xchAn~G and other senaration

problems NAve beon s7stematicaL:.'7 j nvewtt~atod by '<JoTfsberg (90).

The sco:J"rati:::n method ~J}'J!)lv(;s (;xtr~)(~ti()n of 7o(CN)~- into a
chlorofo.YT:1 Solutio:r ..•..jf (C6H~),:;. AsCI 'Nith D. stand-i::'1° carrier li1=8

O(CNtion. Dc~:{ (::3~) investic;atr< tb.c kiw;':ics in KOH solution ar:Ci

tho rate la1fi 5.s

# -. ~ -- ( .••- 3- 1
R -- k r per CN) 6 I Fe ( CN) 6 I

•.. t- _ ~ ,t

In 0.01 ~1 KOH Br.ld at 00 'the "",'1,:0 ~or.stant k has a value 355 l"-C1

sec:1 The rate changes sba~oly with the alkali concentration

and thero is a specific cAtal"":ic ef'<~(;ct of ):(+ ion. Other smell



iOt1~ also a~G"'J i1::1dt'J '?~{hi"'"'l ~ ""~'? cq~al_yt:Lc ef"'G~t. In an OJ':-

tonsi:)rj :)P This st'J"y T(,:l)}; (j:;'i"·Oi'.1!1,j that as little as 163IlI

•• ' • \IbaT~um l~~ con~0nt~a~10~ incTeHsos tho TatG meas~rably.

~o2+ bv several oxidizing agents, simolc, c'JmDlox and 'Jr~anic

peroxides as well as rni~ctton ro~ctio~s ,D Fo3+ by several re-

",rater pla,Ys c:L1 tmnortant :role in the Teactton. In the hydroper-

oxide oxiu9tion of Fe2+replaconent of' solvent ~li!ironment of

H20 by D2() '!roc~ces an increase of 0.8 kcal/mole in the ~H=tvalue

':'he DroD~sed mech~nism :"01' F,e-:(II)--Ti'e(III) exchange is not a
. "I '-

._----
System k,H-1 -1soc.

Fe2+ Fe3+ 1).87

Fe2+ FeOH2+ - x l ()0

1"2+ 0..j..-e FeY-' , 96'7
'Fe2+ i)

':j'Ci!9 o ~
.• L

Fe 2+ FeC12+ C).7

,-,
~em-') e) . ,""1

0 .\ 2 -2.::; (81;.
\) 7 'I -18 CS: .•

C 0 , 1 -21 ('3<: "

r\ 9. -- -2~ ,.. _::'.~ \
J \ _ oJ ~

(' 8.8 ··24 'r: i ).j ~. ..L



-:-1---=1-;----,-- E kca1!m5IG----
SY::3tem k,M sec. vcm\). q tC a ~S=rl=Rc:['-.-------------------------_._---~,----'-- _ ..

::i'e2+ _L 9.7 -20~o~:1~\ 15 0 (81)c..
Fe2-t ]:j1G~Y '"" L~oS. ,0 8.5 -25 r~' '-::.... -,

..~l:' .•'..
Fe2+ "Ii' B + 19 0 14 -3 (85)~.e rQ-~

Fe2+ rl'eSCN2+ J~.? ° 7~9 -27 (93 )

Fe 2-:- +
Fc (SCN)? 0,.0 0 8.6 -28 (93 )

Fe2+ ~,.
103 (94)"'c l\T~' 1.8. x 0 13.7 +6.8[ ..3

Fe
2t- + 7 102

(89)F'eC204 x ° 9.2 -14

Fe8+"
_.

103G'e(C804)2 -.. 3 x ° '89)

2+Fe --
2++

Fe --
7e2+':_

B"'e(Me2-p-hen ~+-- Fe (me~-nhen) ~+

. 2- -
Fe (ED1'A) -- ~8(EDT~)

43.7 x 10 25
< LI. -4, _.x 10 - 30
8.7 xl04 25

8.5 x 104

::J.Sx 100, 4

'-"0.8 -37 (36)

(96)
(37 )

(37)

4.7 -32 (32)

(39 )

(97)

(95)

(98)

(99)

(99)

>100 0

"- 8 x 104 0,

'"'> ,J

10 0

"'1rA 0/' p-_\.)

>.,(;8 2.').L ../

> 108 25

dipy ==2,2'-dipyridy1
trioy== 2,2' ,2'1·-trinyridy1
d-di DY ==4,4 r -dime thy1-~, ?; -di ny:ridy1

o-nhen = 1, 10-Dhe nanthr:J1ine

D-Dhen ==')-pheny1-1, 10-
phcnanthro1ine

~-Dhen ==3,4,7,8-tetramethyl
1, 10-phenanthr olir1G

!"!:D~;==et hylcned iami nete-·
trace tic acid



cerb3j.n very -r-',1stoxi dat~.~:m-"T'erj'Jctionreactions. The oxidAtion
of Fe~ by ~e(o-~hen)~+ in 8.5M H~104was sho~m to be first
ardor in each snecies with a spocific rate constant k&3.7 x

4 -1 -1· n10 M sec. at 25~. Inte~ostinc; correlation beti.oJeenthe
free ener~ies o~ activation (6~

ving Pe2+ is ma~e. ~i~.9 shows the linear relationshin between
[).F ± and 6..F?

1l'
u. ~4-

+l-
LL
~ ~o

J(J
I G

E

I "J ., ., I I.. l .,
J. J-t'2. •. i1

I-8 -4 0 4 ~ , :I.. I~ ") !) 2 '+t~ (<. (J!l/)~~F /



fig.9 -H'Rf!;E ENE'lGYOF' ACTN'\l:ION vs. S1'AND~RD8"'REEE~JERC--~
CHANGE

Oxidation of?e(II) by various oxidizing agents: (A)Fe(o-p:.e._.

(B) F'eC:£+ ; (0 )F'e 3+ CD) 2, 6-dichlorosemiquin::me ~ (E) FeOH2+

(F) benzosemiquinono; (G) tolusomiquinone; (5) durosemiquino~£

Data ~rom ~tuin and Gordon (36)
-I-

From the linear relatton bGtwoen L::.F-c and ~?oi t apDears

that the reaction afFe (H20~+ wi th Fe(H ,p16+ is somewhat slower

than eXDected while the reaction r,"e(H;:O~+ \-lith Fe(H20~ OH2+ see:r::>

faster. This has been eXDlained earlier by Hudis and Wahl (82) as

a special case because of the formation of a symmetrical activa:~3d

comnlex resulting in a higher probability of H-atom transfer and
. r.'l (,2+ () 2+~reater exchange rate. In ahy case ce H20J6 -- Fe H20 50H

nroceeds cbY.a different me~hanism .•, -1' ~
++ *++(H20)5--Fe --O---H----O--Fe --(OH2)5

Ford-Smith and Sutin (37) observed similar linear relation'

between ,47:=;1= and~9'° f'or a variety of Fe' (II) oxidati on reactio~~:

by substitutod 1,10-nhcnanthroline, 2,2'-diDVridyl, 2,2',211-

triDyri0yl comnlexes of Fe(III).

Gor,don, l,l/'illiams and Sutin ( ) studied the kinetics of the
2 3+ 3+oxidation of' Fe(II) by ~g(o-Dhen)2+ Ag (diDY)2 Ru(dipY)3

OSCdinYY3+ and IrCl~- in Hcl04 and H2S04 solutions. Table C

~ive5 a sum~ary of rate constant data on the oxidation-reductioc

reactions of Fe(II) by varicus oXidazing a~ents. The reacta~t~

listed in the table are g~nerally substituti6n inert ~nd it ~s



e1ec t ran)' .,

::ta:e C ODStant
_ k, :'11-1 sec.-1 ('250)

II ( . h )2+1>,2; 0- 0 en '2

l\~ (di 0'7)2+
'0 "2

Ti' 2+,e Ru.(di'Oy)3+
, 3

3+Os(di'Oy)')
, 0

7 2 105
o x

2+
ri'8 4 1031. _ x

2 '2Fe + IrC16-

(. ) 2+ '-' ( h )3 +Os dlpy --18 0-'0 8n
3 3

?+ '3+Fe(p-nheD)~' '11J(diDY)2 3
" 2-1..' -- ':'!..J..

Fe ( 'b-Dhen) 3" Ru( dipy) ~ I

Fe(CN)~--- ~(~liPY).&+ '

4'- 3 +Fe(CN)- -- Fe(o-nhen)~6 ....

FeCCN:{)4- ._- -- trC~-'

4 -' "Fe(f;N)- ~-'
6

, 4- ','
Fe(CN) .:-

6

'JYT~:-
, 1t

OsC12-
", 6

11. t x 105

1.3 x 104

di Dy = 2, <:; f -di Dyridyl 0- 'Ob:m = ortho Dh8nanthroline or
, ~. ,1, lO-Dh.

n-'Ohen =5~phe~yl-l, 10-nhenanthroline
t-nhen = 3,4,7,8-tetramcthYl-l, 10-'Ohenar~hroline
Da ta ·from Gordon, 1Jilliarns, and ~uti n (99)



lier by the SAme al]thT"'S \101). The' traceyo :lsod 'Nas C:)-60. The

fCo(III)l- ~'

In , f

. -1mln.

-1
HCI04at 3.20 and L)nic stretl£;th unity k1 and k2 are 50M

·-1 -1awl 8.3NI min. res~ectively. "here is an increase in the

1

the over-all rate

is one-half- as ~ast in D20 as inH20. Other cobalt(II)-cobalt(III)

-1 --1
k,11 sec.

Co (II) Co(III) Ca. lC) 25 13.2 -13 (l00)

Co(eo)2-+- __ 3+ 0-5 2'1 1'3.7 -.39 (102)C:)(en)3 5 x 13
2-"-

Co(NH )3+ -5 (103)Co (NH~) '-- 5.3 x 10 :30 r~.5 -46
'6 3 6

C (NH )3 + in 1 . 11TH 6 x 10-5 ')c;, 23 -10 (104)o - '~3 6 _lq"
1 ""3 "u



-43 (105)

(106)

(106)

(107)

(107)

-:i7 (95)

Electron transf'er botw90n too ~mmto€~ CDffil)leIg§ Df Ga(II} 006

Co(TII) has been the sub,jot:t of i'-:t8nsivo and 8xtonsive study

di f~et'ences in the oxchango r'3tes in the ('allo\1ing elosely rela-

(1)
9+ Co (NH ) 3 ~ t-1.Co (JIJH

3
)~ - •.. ~ 80 c18." S

.~ f)

?+ 3+ :;
t-}(8) Co(en) ~ --(ja(en);, ' 8-5C> h~)l1rs3 .j

(.~) ( ) 8 + 3+
t~Co en - --Co (l\;TT{,., ) a fO'N minutes3 ,:. 6

(4 )
2 .,- ( )2 + tt >Co (1\TH3) 6 -- Co en .500 days;3

l\npe lman J \nb::H ,1nd T'a ube (10'-<.) Gxtenried this st udy usi ng Co (NH3) 5

H 03 +t 'CO" 1 t· b"' . ht -'" . 1 . + t . d20 soe 1: a C)1.n.~ ·-In rar:;lD:' grau') ffi1g '~aCl.l,-,a ,0 ran1

electron transfer. Very recently, howevo~, 1tt'anks (l09) made a

significC:l'1t contribution tn Gxnlaining tho eloctrdn exchange bet-



cxchana;o ,qty'1 gn 'tY}to~nal nlr.0.t;Y'jn tn.g""'s"er' t') acc::mnt f:)r tho
::i..;;

thor~al de~~m~os~t~~n )~ Co(C~a4)~

tron tV>8!'j~f'CY', c1,:sc''''i.br;a. 08rlic)'r, has hoo'1 S!J.c~CSS-"'UL1,y aDDlied

by'{ont? '\c I~ ,gnt} Busch (11), O]~) C'~r t;ho systom Co(TT:D"'A)2-

h -1r.

(]]~) c~tondod tho j'1ticl1 activity ~nthD~ ~~r ~oasuY'ing the

~atos j-'" elo0tr~n t~aY}~Dov> ~~ ~ '10W s~sto~, ~~(P0.,,\)2- --C~(PD~A)'

3ct:ivitY110th:Y1 ]'oJvor 3nrl SgY'O"OSOrj 0}(1) voV>y Y'ocently stu~ied
2-+

the kinr.tics j~ tho slow nloctv>on ~~a~sC'cr hotwocr; Co(en)~ and
,')



3+The ion Co is such a

(]1~) in dilute H~104 solutions. Some hun~"orls oP com~lexcs are

Ro~ently ~aulJo 8nd his cow::Yr1mTS rC'JoY'toci

,- '.Jt
i l') >; Y' e A ~ t ~0n s 'J f Co ( l\TH3 ) L ~. 5
as ~1"2-t- V2+ 'Fi't,2t" C1~(i1~T),()2+,,,A. , - ,J .. 3 a nd V ( d i Y)y )i + a s 1) art ~ f 2

acti.v8t~ on o-r'f'octs ~I:,"lt A"~J:'n 1.gn" the Y'n8ction (lq), (116), (117)

(11 g)? (}}Cl) , '\~O r :Lll'lS tT'!'l t i va C'C:Vrl'J10S on tho op:id.g ti::m-'roe-

------------- --------

System jr 'J-1 -1 Temp, 0
"?l' SO", C her.

803+-- H2O (().1rF{~1r:1) 3 x 10-2 20 (115)

Co
3.,...

H02 2 1012 '20 (120)-- x
r.;03T __ HeHO 20 22 (121)•
Co'3t' __ T]+ 5 '( 10-5 0 (122)

r. ~-I' ." '.J ~!. C) ( .:51)-,0' -- .'e ~ , 10



G.!)')!) 0 (5J)
> ~0() 0 (51)

> r-00 0 (51)
"'V J (JOr) ~O (123)

~o(III) C~(II)
C0 (C204 ) ; - 70 ~ T

Oxidizing
a~ont

r; 0 ( 1\JH )3 +. 3 .
(' ( l\TU ) U 03-+vO "3 5:J.2 '

Co (NH~ ) .5OH
2 -r

Co (T\'H3) 5r;12+

r" '2+ V'2-r ?+·.,r Cr(di"py)
~

1 1 1
6.0 x 10::3 1~e:; 91

2 x '1010 <.107 50
.5 ') 103> 10 1.6 X 10·.J 1.5 x

-G. lO)'2 -0.1.e:;
":u (:ut -----~IJ.'2+

al1d Cu(II) chlo~ido ~o'!'J.T)l0.xGS 1.0;'1''1::; t:r) ',n ('v"ll'wtj_on oE.'~hG

secol1d O~,-JCT' "'"'RtG ""0"stan":, k -=.J • .5 x 1r? M-1 scc:-1 • It is



a rlr'l r.;lJ.C l~- )

-0.80
i\g---'--

-1 . q,~
'\g+-~--

Sllr.:in':r hAl-"-+:iffiGS ;-rl tho t'ano.:o 0,.1 to 1 so~. In 5.87 11 HC104

the oYch~n~o hnhJGon \0:(1) '1I'Y} \0.:(11) oboys the 1'>8"'::0 la\l1,
_ _L

';1= k L{\~(II)J The soc')nr'j ~"d('Y> -r>gtc c:::msbmt k::1020

~ 40 M-JSoc:l at 00 ~nr'l the nv~o'i~Gntal activation onGr~y is



S tL1c1i 0''' +hr Q'.<iJ1 ':l +:1.')'1 :)p , . 'T) ;_n Y1itri~ '3ei '1 s:)1'J, t iJ ': s hy :)Zanc' -: ( -

q Y)I~ tl,0 rlCCOffi'lJsi tiQ'1 a~ 1'J0-!-Q-~ "'v .~(:I) iJJ lcid sal')tians. In

-1.68
.~1 ------

-1.8CJ
lU i"'_ -. __

8 -1AS......., 10 M



(""',,[-). ~ -'~ -1 -1Q 11 U i v ~1c n t ''1''1 :J 'm t s 'J' T.:y ~ ( I I) ':H) rj ~' 1.:0 5. '7 X 10 ~l S Q C •

d· t t· ~ IJ0'8tlsmu alan:J 1~0
,'~

TJ 8+.'if':.
2

0,L
T{~ , '

~T.32 + -t- tJ.~>I< '2 -+
<)

T,i".," no.'.ni-')'n ,"'.","(OJ r, '~1 ( ~ " ) '1 S'; ,...,0" n 1Q n t Y' i~..J "I -'11':" ,r .. J ... eel':) ~ •.•. __ .~



"'0
~. 61 x -.10 '"',-)(-S4000 IR Tl )_._~-~~- -

rlJ- ~- -



(' r; ( T::- I) -...!~
~

S')lvent- ~~

C;(; (IV ) l~0
--- -=*--::;:---

C''11CS.'';SS;lmitjQ k4» k1 the -'"'')llJ',rL''lp' ~qto lA'/J is nJstul.gted

consistent with t~e Jbsorvo1 ~1tC rl~t.g.

2+';e(08:)
"

+< Ce (OH)
3



,
\lth8w"!1 OV-, Tr .gnrl ":l-i ')"JS C.gtc31.VZO ~hc ';r;(III)--':o(rT)

-q:L1(II),::,-~lJ.(III1: i'10ic"" Aw1 1a~~Q~ (J1l~ ~ st'vl104 tho kim-
"" '. .AA'

tics ),C' th:is oxch,qn;:':C'.H;IJ}lC:;~ 3S t1"A0.C":', In J.() :'1 HCl awl at
1\

1".gto ')-" cLr; ...•tr~n t"'-,nsc.c'" 1--Ct:1'ICC'1 tlrtc 'm,=~m")lcxr;d i8ns, Eu2-r
awl ~L1'":l+ is VOl"! s18w ~8'n')0rC'l t') tho ch18rido--catal,vzcd

rJ.14 -0.15
Sn Sn2-r Sl14+

of thIs olCch tlt;G in C) 111 B'jl 'J.sii1g Sn-l]·1 AS trF':lCOr.

[snCII)] (jl1 (IV)J GXD (-10800 /RT)
-l\~' m':n-1-- 1..L_"



(). 13 94-- - 1.7
Pb'~ . - - - - Pb4-+

Hovosv A'lr1loc'1mois-sor (138) in 19'20 dem{st'Y'sted raDid oxchange
I'

0.51
SbH3----- Sb

-0.68 -0.48
----- Sb?04 ----- Sb2 05



Hel, 5.4 -- G.1 M ~l- , 0.O~~8 0.040 M Sb(III) and Sb(V),

monts rl.:)t'o in a.':l H grYl ll.(~ H H(;l s:)lui:i8ns (141).

]~
x 1. 12 x 10 Cy ') ( - 1C:S4QO /3.;:')

"1 . -1J.'! 0 ffilD.

f3h(\T~ 1.8C) x J()l~ O)C')(-17200l.3r)

:~ . -1:l.mln.



-1. ~.5 3..j._____Tlc
I

~l(I)--l'l(ITI):------'-=--

> :JtJ'18- > ;;r02-
"~6 - 4



r~ 'r-
Vg] 'lG .nO"'" tl-tO V1Y'iT-Oly'3 i.S ·...O·'st~F}t ,,("0 -"1, ''''-'3 rl8t kno'lln ar;d tho

k - O. ~~F53 -t- 0.00S M -1 h -1 (~a ::17.4 kcai!mole)- _r.0

t _1 -1'{ 0.08'\ 0, 01.~ 11 ..
h!'.1

+'il thoJ-1gh little evi'ic!1>;e j s "011. 'ld -"or the C ltchanse Dath Tl +
:'1 (orn ~ k-....

u""''')cr limit of' 0.1 .,,-lhr-l is given -"8r thG----, an 1 . .•



.". -,
''''l(T)JL" .. -. _. t' ,l'l (IIJ ) J ~{

1r - ?Q y 109, c;n; (-17600/]1')."\. -

k' I") ?
( -ltJ000/T::')- 7. 'C ]0' 0'("';

kll .:::'2 • .5 y ]0>5 G 'C." (-16000/3: )

.. ]
se: .

?,C2

(l5~- )

1"-1.1'1 b'l the 'Jl.l~"li''';:; rq-J:;G O'T"-'OSS~ ')n.

R ::. lr., 1~·~.l.L+:J'+1~"'..12~ ..l- l'E.) L~-·_l",.~+.-J"- ." -
h." _" L'· J ,.\..... '--".:.. t- k3 ~ "lc.{:r3J ' K4L!lJ

+ K6 ':IB:r"2J E1Br4]



T( -
0 -

k8

k')
t.J

k4

kS

~r1 l--lr. - J

h-e- J
! ..•..•

~Y~sa~ ot ~l (157) s~ocu18to th~t tho ~3stor oxchango bct-
+ -wco'l1'l '1'lrl TlLRr') mg-r bo r1uo +;0 tho "'')-rmqtiatJ of A symmetrical

~hore is s,mo evidenco ron~rto~ hv ~i~~is (160) bAsed an tho

obsGrve~ in tho Tll(I)--Tl(III) ox~hAn~a.

by ovidi~i~~ q~0'ltS like ro(IV)(5S) Ca(III) (J8~), Br8(157) and
9-sevo""'!1 T'Crl il" -t:i Xl "'r;'01c-t:i. ~'l(~ ,n "'1(IIT) h'1 "'c (II) (168), ;:;'0(0- '!ho'1h'

1..+
Os (-'li·0Y)2> (64).~ '{'S(I) (J6c)~ V(DT) (5.C)? ;r(11) (]66),

(167), h""vo nr)(:'l st11'1:icYl1"i.t1l A VtO'f t'/Jogrn ,-"hotf-Jcrsuch

(J6?)

q (IV)



Fc (II) "1_ (I:!:I)
K,-r -------io..

'1<:1
,~o(II) -t- T1(I1) ~

:<'0(111) -+ 1'1(11)

70(111) i" 1'1(1)

QAT'knosc; "111'1 '-181_ ,r:;"'n (1.07) "Y'jffi !1 kincti~ st!1'1Y J-f' tho reac-

-t: i. j'l

[-u (III) J



T1(II)

~l (I)
i="/~11C- > T. en)

.
~r_nstT8J1g; gnr1 H.11')orn (l6'S) in their kiJ1oti~ study ')f' thG

oxidnti8n aD ~~(I) hv ~l(IIl) in q~lO~ abtRioo1 tho rgtc1aw

l{ - k IT-T~~-t-J['T11(I~I)J/C!r~(II)J

H 2+ - -----:;:"1S2 T ~lO4 \-

Pcr2 -t --.-::...
-'2 ------..

1'13 + H2O ~
+ ~

q a 9-1-
~->2; + i'1Jm" ..

-+- ~B + OTt- ~

H.'S9 C 19-~
. .J --::!:

') +
~I~ +

-+1110H'- l'lch f',1st:cr th,gn the

. 1 t . "1 -+ .lSOG~OC r8~~C _ l~~.



(1) Hgc + I'lOH')...t -~ Be::
'l,.-t T

'T'l-t- "l+ l' "3"'"(~) + T1*OH ~ _1 T

(k::..1 x 10 ]vI-1 see:-1
L\s-J:;: +1'3 -:.. 10 0.1).)'

+
1'1 * + OR (k rAY]~('s 1)0brC0r1 -4-

g.5 X 10-5 __ 1.3 X 10

M~-I S -t_ 0:r\ \. sec. ~ _- '~'V e. ll)

'1 to
It is tho,:,c!'''':we :JQVi :JIlS t't~t T1~ rn'C)C'ts 10 t'J]O UJ'1es f'''istcr

with ~10H~+ thAn T1+. ~hts is o~~l~innrl in torms :)~ the un-
US1lg11v ~~'7h. ilJsit~.ve '1-31'10 f')r~S::fin (1).

~+ 0.61
U'- ---- T4+0.6S

u' ----
-0.05 3+

TJO,+ - - - _ uo't.2 2
-0. ~n ~

TJ(IV) + U(VI) ~ 8 11(V)



'J '}r +: i ~n "1 1 t ')CT (I IT ) J wit 11 -'"In ;.;(' ~ ".V "l t" 0 n r:v1C r i=; Y J f' 38 kc a 1 / ill J10

thr; }-t:~c~ c;"014in-:: r, hl,:"lr,r;Y' 'Y""'cr' [T(IV)] r]on0'10.CY1CO with ~n

K Cu (IV)] [U(VI )1
lH-fj3 + Kh [H) 2

whoro
;;,t.O

k ::- LI·.14

,,\~~

[ U 0 H3+J [. H+J
lu 4+J

~0nco (c) Hy4Y'Jgr;n io~ iononrlr;nco (~) Ioni~ stran~th dGDOndence
8'10 (ej ~ffoct 0"<> Ultravi'}lot IY'~adiAtion. Tho roacti:m hetween



[
-1,+ +

f10-U-O-UOJ" ~. ~+

[1'( rr)~ DJ(VI) ]

0 ~.O 1.0 ~3.0
30 0. 'Y3 1.4 -1. 74

60 0.87 1. OS -0.07
gO '?8Q ').10 -1,06

]00 0 0,070 -1.26

Q:Ii.rj,qtiJ~.-~('-l'.F~ti.::m rC':1~tiJY"':s: N01"t:J'1 "1!1d labirjr;8u (179)

surnm.,q'Y'izo sovc~,ql ol(trjg~i<m ~r;''J':t'i.ons JP TJ(pJ) i,Jith rJ+- r:O()H~~
./

Puo'-t}Gtc .. Bglccr E~nd IJClvt:)n (l'"}tj) t":'~cY)tly ~c:):)rto~1 the "YJQa~tioq'-..
he two cJn TJ( IV) ,g ''1'1 H;.....o.:l. 1,ri,t 1l ":":0 f 0 1 1 Jl'T~J'!~' he n ..~3 r f'i or s .



~19

'I '1 - 'J (V) +- HOI'2l,:::> .•.'

I-l:~02 - TJ (VI ) +. En-
EO - U(V) + HSO-

'IO - 'TeFl ) EnO- 1., J_
<,

TT 0 'TO:) HI') °:11') C) - -I,J '".f -
pOe) ~... ~} (~r ) + H2O,?-
l,Te) _0' 1;(Ve ) -+, H2OI')'."? -- o '1 ••

HO? - T-}20 °2_.
'-1-

°2 .- TJ(VI) HOI')- "1-

(~

U(V)

H(rV)

1.86 -0. JS
l\J ~ -I ',r 4+"p"'" ----- hp' l'J cr'

1 p':<"
-L15 •...1'----- NpO

2.

"7r _ _,-'..0-
l"pO" !•.......

'; rJ'1 the iT ,1,'0t A f' i, t tho 1" Pit 0 s L "n",
.. 0""L NpO'i2-] LH+j~'\' 1',- ./' f

I ND-r J'-_. ---

- c:; ,-)

k1 1 JO 1() - 1v1 see: ] at ~.)O and-- 'C.- .
1 "!'),Q, - -I nkl') C) 4;:; '>::: >1 ,C' c: n .•j 8t '25. .

1'1)0 '110CllAnism S!J.g;;"st0d f8r h:L-.-.;h9Ci ,1 '"'l'PO' S

, . ? -t 2+ -\
'2.NJ:J •••.C~ T I-/t~ [x,~J ~ ~F;(() .•:.· ,-~;wa)JJ (..DrSPROPORTIONATrON

Nty>l-'C-'" H+- ...L \'-, C" 1,2.-1- ' ..-2.,. ','it.I'- l-;4 ..,. ""'_'" "(Ott)2,j' /
.j. \ 'IpUr, l" ,<.....:.." ( U;;,' . 1',_
.- '.. "-. ! .' J-.



boo~ s~ow~ to nlgy a~ i~nJrt~~t rJlc in the stu~v of simnlo

c!-Jlor.i'"1G "'f}~ "dt ...."lte 1'ln. in ~C1V;T "'atc!' r;c:: s"lvc~t. In an
( i<? S )

cxtcnc;iJIJ o~ this st'J'i? Cohr;I'l, :")J.111.iv::n, i'irnis B!V} Hindman't,rC0ca-

18\11 for N'J(\l)_-~h(VI) CYf~;-''irJ0'c; C''in QC written

R.=-IZ, L~\po:J 8'J?o~~J+ :<-l-~.("Ir/):]l~lrC~-\] [H~]+I\)[Nrd:j~pOf(
+ '4... I, L-- 1\11- () + '-iL ,I N" CL ( 12, - I"-t' . . :-'...J '.1_ ~ _'

l.,!-Jcro
-1k1 - 7?.5 ?or: -1 8t 4.50_1 sec.
r) -,

4 ..50k: 1,5 ]'1- ~J SO<;:i at'2
k~ - ?30 lr :r soc-;-} . , 4.Qo~ 8 'C

K4 160 -.C1 SOC':1 ('1 t 4.80- f-



2.0-=< -0.')7
v ~t--- Pu" -----

-1. 15
P, 0+--~.~-- ,-.1 <)

<.,



Os (~i 'l'1 ) ~ -t - - .. - 0 s ( ii V ) ~ i: (k > 1b 7",1 - 1 S r') C71 '-l toO and in

':l 1vJ: H~ SOIt) h y t \--1 cis') +: 1'1t ~ '"'.r r~l-j-3 n g 0 r"J. G~ h ')(1 '1sin is 0 c; - 1~5 ::mn. by

M-1 soc-18t fand in
I M Hel

+ 4_anrl~Ox.1.'1.::.t.i:)!Lstgto31. l{~lf.'o;ang (F:lO) st1.1diod the
4- 3-.

(J"XcIJ8'12:e :)'" M:)-C)O h0hIOCY
', :b(;~n8 gnd Mo(8I'J)g and obt"-i..nod a

Sloth
~-I-nc1 and
6

;:nd :}arn()l" (189) studied

Ir8li-anrl 0~taino0 a

SOCOYl'l :)Y'00~ '~ltC ';,)'1St::l'1t (ass'lfnir.g tho reto la'J~

~ :- k ,[/Io(r;TIT)~-JtIo(r;T:)tj k >' 103
M-1 sec:1 at 2°

f}oorloY}'),,, A'1'1 '}8T'nCT' (}0}) sturlic" tfto ov::chgn,,:o ')+' 1'[-185. bp.t-
L· -. '':.-

weoVJ 1iJ(r;N)i '1'li liHr;~T\~ Atj(~ 'Toic;srTIAn gnrl ('TArnor (Jq"J,) T:)11o\1od

tljc sa':1C ('v ...•h.:-'1'1'O ')y ":ho n!],;lr>r:~ ·1.g--';'1e~i.~ ~0s')nAY}CO "1Gth-y)

Is:)+:')~ic ~'(chgn~c
l ;: t hoil

k (rr 1 Soc:-1). > 4 x 104

T1J..•.•..cgr ;'h::;neti ~os'l~S~
;IIr; thorj

~ t1 y 108

'.~:--

~d ilS 0'1 'h,t 11 (7/1 ~



)4- ()3-f'irl':3s rnan~.grese e"X:chan'2:elJot'veon Nn*(CF - and 1'10CN
6 6

Rich ao~ ~aube (lq3) io their
2-

exch~n~o with PtCl6 D~stulate

a catal,Vtii; sDocios ~~ an 'lO us IJ.A 1 ~xida ti ~o state of +3 for
Sl_

nla tioum io chlori'1o modi;::. as PtCl5 . 'i.'hov obseY'ved a slow
<)

ptCli-exchange of Pt-lq} between ;::JtCl~- aod whic h is accelerated

1 ::: k [PtCl'2-jl lL~PtCl~-lc
4 . 6./

in 0.01 H ECI ~5~ 'Uch 8:-1'1 1'cHl.bc rC,,)8!'t '181ues 1.9 x 10-2 M-1

sec.-1 and 0.2 M-1 sec.-1 fo!' k in ~i~~u3o day light and ~n

PtC12- Pt*Cl~-
2_

Pt*C12-t .:: PtC14 -+5 5

Pt*C12- PtCl~-
Q- c::>-.+ _. PtC14 + Pt*C;165 -

---
<)

PtCl~- PtCl~- Pt*C12-Pt*Cl'- -1- .=. -+
4 6

Ior1.ine-I~rlate c.:xcha n£':e: Hyers and Ken'1erl,y (lq4) made a

thorough iovGstic;ati~n ~,r this S 'IS tOll ;",hi~h ,-"as reD~rted by



.s 1- 10? 6 H+- 3 1'2 3 H~O (k",2 1047)-\- -\- .-- 4- x-
.qn~ the 012 Llsi1)10 rn,JC hq ni 8m sug ~()s tad is based on transfer of

C104 , N0::3 or 10~) A- ~

~
Q RAPID & REVERSIBLE
~H "l'"r-·

-- ±- LHI~O'2AJ -+
.j. .L1°2 t- I -L H + Ii-

R1~E DE~~RMINING STEP
10-

2..•.
I



ISOTOPIC EXCHANGE B:L:T'v\TEElT UETALS IN DIF:IJ'EREHT OXIDATION STA'l'ES

-----_. -_ •._--~--_._~_._-----------------_._-_.~-,.----------
*Isotope Half Rate Law Specific Conditions

life. ro.te cons t. ~eri~Tb temp., Ref.
-_._.- .----------.~.-~--.-----,-- ,.----- ~------ s3r~n.Kt]:1 _.__ ~ ~ _

M(I) --·-lI( II)
Cl. Cu(I)-Cu(II)

H(II)---I.T(III)

Tj (JI)--Ti(IIJ=)

Co(II)-Co(III)

Ru(II)_Ru(III)

Rh(II)-Rh(III)

Sm(II)-Sm(III)

Eu(II)-Eu(III)

1 10'"Lr' 'I,

Illi102

Sm145

(I:A)

(30)

(126 )

25 3 d k (AgI I ) 2

48 d k(HgI) (HgIJ) >1)00 HC10~; 0°, 0.125"2 r

5.7 x10..J en--

d k(V~+)(V3+)+k' (V2+~(VOH2+) 1.0 x10-2 1 f HC10~,
'"J 1 • G 2? 00

d k(Cr2i--) (C 3+)-+ (Cr2+) (CrOB2-lj<..2:;.;: 10-51 J~ PC10,~,
-----0.7 1.0

c', k(IInII) (MnIII) ? '> 4 ......,1 f HC10L~
ij r.-l
1."... (I 1- 0

0.55 f HC104
25°, 0.55

5.2 y (CoII)(coIII)[k +k/(H+))

40 d

220 d

3tW d

13 Y (EuII) (EuIII) k+k' (Cl-) <: 1 x 10-4
3.7 x 10-4 1 f HC1,250,

2.00 \





-"(-') -"(VI)1.1 V --"-1',.1. .

Np(V)-Np(VI)

Vv185
Vi183

Np239

r-(v'-) TT('TIT)'1 1.. ---u V ..L,

.- <b. I.In (VI) - ~,I:rl(VII) I'.In:::> 'r..
• III ( I ) ,- - ( I.I (1 I 1)

r:;:'l(I)--Tl(lII)

IvI( II) ---M( IV)
Sn(II)---Sb(I:v)

73 d k(W(ClJ)~-) (W(crn§-) ?

stable

2 • 3 5 d k ( NP (2 .) 2 ( H+ ) +k' (NP 4-+ ) 1 • 5

(Np02)0.5(H+)-2

2.35 d k(NpO~)(NpO~+)+

k(Np02+)(NpO~+)(H+)

).> 4x1 04
< 4x108

1.10x10-5

6.45x10-8
0.04 f HC1041

25°, 1.2

T120
tr :).5 y k(Tl+) (T13'';--)+k' (Tl+)(TJOi)+ 0.154-1 1.22 0.8 f HC1041

25° 3.68

M(III)---IJ1(V)
Nb(III)-Nb(V) Nb91m 62 d

6.3 x 10-.3
6.2 x 10-5

004% ex. in
"""'J 4 hr s •

-21.9 x 10
0.2

9 f HCl1 25°
C2H50H~ 25°

17 f E01~c,800

0.01 f HCl, 250
UV light

(191 )
(192)

( 13.';-)

(135)

(138)
(139)



sb(III)--Sb(V)
:M(IV)----ll(V1)

U(IV)_U(VI)
2.4x10-14 5 f HC1,250

1.62 k(UIV)2(UVI) (H+)-1/3
x 105 Y

2.7x10-3 HC1,pH 0.85-1,6
1

25° r--./ 1.0 (173) IIT ( III)----T,T( V1)
Cr(III)-Cr(VI)

--..,9 x 10-6

-76.6x10
1 • I1rx1 0-5

,.

c:~ . . . . ~ ~ . _. . . ---------.

3.. NTill Dl;tlvxl U'JCc. ;). Hapid-Llixer used.



1q?? Sh'3ff'o1"

1 9::i/l Heiss
1936 Gorin
1937 tHe hae lis
1947 Remick
1948 Duke
19.51 MyC'rs &:

Prestwoo0.
19.'52 Ad~Jl'lson. . ...

Hindm·:1n,
Coho;) :wd
Sull vj,30

;Vl~'~cus, 2','10-
linsky aOr1
EYr'in~

List all facto~s ~over:Jin~ electron
t~A~sfer ~eActions
M8--;/12 tlc ~' "c(nti b~L1i ty sllm-diffe-
T0nCG p~oduct correlation with ex-
change halD-times
~0Dl~c~t~on of ?ranck-Condon P~in-
c i :10

~o~~elation of 0artial molal
"'ntrc)'"',ies

Elretron '~,.Y1nol.lin::;mechanist! de-
vclo~oi ~o~ Jloct,...o~exchan~e ~e-
C'c~ions.

Marc~s (~. \.) QUlntitative ~heo~j o~ eloctron
t:rarJs '0" "cF'muL::ttor'l



1956
1957 Ma~nus (R.A.) ?uantitativQ ~ha8rv ~~ clcctroc~G-

~icAl clcc~~8n t~~~s~ors ~8rmula-
, tod and ~ree "'rom a~bitrary aSSUffi-

nti ons
NarCLls (R. A.) ",!-'}08TVwoll-davaloY)od a-"'iliod for

NnO~-/M:'10~ an:i 4'e(H0nj21?e (HnO),~+
-it --:t ,6 G 6sysLoms.

Laidler ~lo C-t:T'8lJtY'ansfer th08Y'Y basad on
t"G ~hC0Y'Y nf rliffusi8n control1c d
T'08~ ti8-:S.

N::jrcus Cp., A.) r1;Jr'c:;s the8"y develo'Jod"'or treat-
ing s~lvent li~8nd gn~ ine-t salt
o~·"'Gcts.

H:Jlporn &
0'" a:e I

~hGorv of electron t~ans~er bet-
ween metAl i8n8 in brid~a~ systems.

by q~mi~k (J96) in 1q47 nro1icts that oxidizing an~ reducing

1'ho cO'll8rnhI~ -cDulsi811 'lyJothosis T'JAS -f'irstsugiSested by
GO-f'in (197) anr'!~.feiss (}C\Q) an'1 lato~ by Duke (48). It predicts
that if' tho -ca0t0~ts !-'}avclike c~8rges, coulombic rODulsion
sho;'lr] mako -~he -rOA('t-i.Jr!gJ slow. rr:hoslO\mess of the Tl(I)--

~l(III) an0 Co(III)-~o(IV) aro so~o exarnnlas that aTe consistent



VAlo~t re1~~ roactions ~hi~h D~o~oo4 i~ ~nc stOD thr~lgh the,



Eleet~:}11 Y;x0.h::~m;c Ha!:!nctil"? SI1SCe1J- (Sum x ddlffc-
Dair tibilitios rence)

Orr'ler of
half-time

Eu (II) - -Eu (III) 8 3~5 52 1 hr
')-+ ~'Co(en)J-- Co(en)"r- 4.~ ) 24 2 50 hr
8 3

2+ ~+
Co (NH3)6-- Co (NH3)6 4.9 0 24 >80 d

Mn(II)--Mn(1II) 5.9 5.0 10 < 1 '1lin

Ce(III)--~e(IV) ~.5 0 6 10 min

4'e(Il)--7e(Il1) ,,).2 5.7 6 20 see

V(II)--V(,r:l) 3.9 2.8 7 5 5 min

Os (biny)~+--
3+

(0) (1.7)Os (i:JinY)8 ":l second sv

4_ ~-':i'e(CN)6 -- 4'e(~N)6 0 1.7 3 Fast

M 02- Mn04 1.7 0 3 FastL n 4: --
Co(TPP)--Co(TDn)+ 1.7 0 3 Fast

TP?P tetrAnhenylpornhine



S81uti~n. ~or~u~h a~d J~1s~~ (~01) n~ticed Fast oxchgnge bet-
'!JoenC8(l'PP) gnd r;8("PP)+ .'"::1-1..,i:h tt"""""500 sec. Krishnamurty
and Dor8ugh (~l~)P~und :hat :ho exc~anqG between Co(TPP) and

+80 ('l'pp) B~: eVE?t1-Pastor \.vith tt-----50 sec. This observed fIst

oe V(II)--V(III) ani Eu(II)--Eu(III) exchan~o syst~ms respoctive1y
Not even Dre1imina~y w8~k has heen i~nG 8n either Sm(II)--Sm(III)



-068 ,

t~A~S~O~ rc~cti~ns is 4iscussc4 l~terc
+ 0-1-

'r1he oxch;"H1~C hot',roen Nn02 Rnd NDO~ Lms is ::ast, k being

'- 810 M..- ]'l ..
ex;lain tho ,~o!'rclAti:)n. f~'1:)thc'(' exsr:l,lo is tho slownoss of' the

4-4- j,.. -7 -1 -1
oxchan'J'a hob/oal" ND- :::lnd Np02 , k haing 10 M soc. and

680 =.. 80 o. u. in1L:::atinq: s~mo tY1Je T~ c~mY)lox oxchanf;c mo-

(1) quantum mechAnics ~' the cloctr8n exchan~e itself
H~ , hy"lroc;en m~loculc i:)n 83 m~r3.el (in·vAcl1lJ.:n), and

(,?) t"lc aDnlic8ti~n ~? 'ranck-Cond::m princiDlo to the case
~f' aquo~us s~luti8ns.

-l-
L; bby C,91Cillatos tlIe ~3 c-rcha'12:c "'reqoc ncies .p~r H2 and con-

elm est 1-'),8t c van t ha J SiVa v a'" unet j 0 n ~:i.v c s h i ~h rates of .



ooxchan~o at rlistanco ~f 10 A and lar~o~. leu8~ting the calcula-
ti')ns -"ar tho r:;onoY.'ali.zorlH2-t in which the~wo nositivo nuclei
have ~har~es a? ~ Ze, the exchango a~ 1d electrons was shawn to
be even more ..c>ran~entIt large internucloRr 1istances. The
90l1owin~ rlia~ram (~i~.lO) shows ~ib~yls nlot of exchRn~e fre-

o10 _

3dC2 ::2)

~@ £'!CH A "-Ie.. ~
F R Fa <..J A N C Y \f.s

J NTf:R NvCLE f\R

3d(?.::I)· PIS'rANCE.

40 60 80
INl'~NTJCLE;n DI ST1NCE

(BOHR R;1DII)

Simule electY>on tY>ans-"'eT'YJrocess there'''ore cannot be the slow
ston ann Libhy 9inns alteY>nativo ex,lanation to account for the

aqueous solution by considering the changes in the environment
09 eA~h reactant.

4-ions like ~e(CN)~ and
Libl:Jv·conll.l.desthat larf~e sym-notrical com'Jlex

..., ?--.
7e(CN)~- or MnO~ and MnO~ should exchange

~x'Jeriment~lly this ~re11~tion is horne out, howevoT.

transition in ,'1 moleci.lle tJne nuclei (10 not sign:tricAntly alter
theiY> relative nositians or velocities. This 'Jrinciole finrls
wide a'J'Jlic~tion in spcctrosCODv anr'lis invoke~ here to exnlain



'2"1 3 +
'11 ~ 4.s h"i S •..8 0 n i 111IS t '~"l t 0'1 in tho cas 0 ;)f Fo'" an,4 Po

aq aq
o"'{~hanfSo ~.r1jo-r.o tt-10 ini tiel ,"orY':)!18 olJviY':)nnont is occuDio4 by a

18rc.;o (H)O'~P'Y bC1rrioY> Y'os'11ting in 810\'-' "Y'8tOS. On tho othor

hand 18 rgo ;~om!')loY i Or:lS lik') Mn04- anr1" ]:.1n94 are 8:) symme tric

':) ~" ...,+
e 1 oc t rol'"! t"".gn s ~e yo in hi .. - - M># sys torns is oxn1a in 01 in terms



-::hG :10 S s i h j 1i t.v ')f' I eA LC"l ge t h r'O U ~ h thG bar ri 0 r

n""ohlom i s ~C'll)COri to -:;~Ie ';.lAti on 0'" the r-ri tiea 1 interea tionic

tunnollin7 ~is:,ncn in the Rctiv~toi conolex and is discussed by.
:."rar"us (11. J.), Z"volins!(y An"! ~rin~ (~06).

In their cxt0nsivc thc8~ct~cal ana~vsis (1) thc ~rohAhility of an

clectrorJic tY'Ansi -I:ion is r;'ms-i..~1eyooc1!:IS A transmissi on cooffici cnt

(k-e) in thr c;V'lrcssi:Jn -C'')r the s'Jeci+'ic Y'':1te CO'lstAnt 8'1'1 (2)

t~o -(""'ee enn-rg;y 0'1' activation (41=<'t) 'Por the electron exchange

ment of the hy(~!ratiJn and e)'J.!;in~tLJn shc,,11s )f !-hc.> cati~ns,'

oxnressi')n for the transmisci')n coeff'icicnt is obtained as



W - kinetic oneTgy ~f the tunne11in~ electr~n

h - D 19 rJ~ k' s ~ ') Y)'" J: g n t
• -e..

:'he t01"'msV an~ H a1'O J n'\")onrjoot1y (~')Ji'LS~do-noc1in tho the~retical

rhe oXDressi~~ ~or tho trAnsnissi')n "~o~~iciont, h1se1 on the

-..JLL rab
. 3h.

,

I 2 me2
l.._

/ ZL~~
2lQ

- 1/2)
- J(n} )J

Drab
~c~ordin~ t~ the tr~nsition st~te.the~~y ( ) tho sDecific rate
C~ nst:n t is '''''iv0nhy

K = Ke KT/h. exp(_6F /RT)

SUbstituting Ke in this eql1at-i~n tho sDocif'ic 1"'.g~econst"1nt ~or
the e1ectr~n e~ch~nge reAct~on is theroFore

KT
h

r 87T
l' ----=".
L 3h

The ~ymbo1s I1S0rl in obtQ~nin~ t~e abovo ox")ressi~ns have the



Dositi.VG ch8~~o on the contrAl atom
Of' +:he rC'llC t·.:wt

3 02 0 0b h r l- a 02
-------------

187Te K D 'T.' (-17.*)2"



tahlo 12. TbwevG", it "1"st bo ,],Y'.'·ltec'! :Jut +:h.o auth'J;:'s 11S0rl a

vahle :Jf 8.1 1\(~81/rrJ.:Jlo fJr A :Ji': :Jbt::linor1 'F'r8ffi c:)nsideo:'ati::m :)f

,')

able ffi:)r'101 ~:)r ]\,ln04- ~.f.nO-
- ,1:. 4

-
Q2J1.1pnr )OllT_Q=: _31.~:.rnO~ TTI."i.~'SIJLII~1_~10:)SL iH TH EX?'SRIM3NT/\L DAl' ,.\

---------
r*b

J
lIlKe~OD t>.To' :j:: ty7* l1H':tSyste'Tl a , ~ - R't' .' .... t:)tal bb')j.I.

-------------------
2+ r;8(on);-t-~J(eln)3 -- .1).9 "1:.38 4.32 8.1 16.8 23.5

"l?lT__ "10H2 -+ ~.3 2.63 2.57 9,.1 13.3 23.9
VOH2+ __ ,jVO'-' ...,.. 4.4 4.00 ~.86 Q..l 16.0 17.2

0+ "'<'e3-+ 6.0 4.37i!e ." -- 4.25 8.1 16.7 16.7
0+ •. OH~+ ?47-=i'e~ -- o .i 4.9 ?57 ~.1 15.1 12.2

..,0+ T;'o';l ~ + 4 ('> ':) •57 8.47 8.1 15.1 1.'5.3t'O" -- .• :J

.."84- .., °1 + ::< ./1 '?,.48 2.c)0 8.1 13.1 15.1'e -- ; e'J 2 • 1:

?+ Co 1+ 9 ..3 S.52 ,1).48 8.1 19.1 1Q..0Ce' --
0

Mn04-- HnO;; (z*-:: 6) 2.6 2.9 '?.9 6J3 12.<1 18.4
0-

MnO;;. (7*- ~1 ?1 ') 2.4 12.1 I'?,.4MnOn - c::, 7.5\'-' - I" '_
9'-

(z* :::.Mn04-- t1nO~ 1) 1.0 1.8 1.9 8.7 12.4 12.4
-=i'e?f __ ;' ? ..•. 0J) .1. ,1 '~. S 8.5 16.7 16.7L e'" I

.._-----.------- ------ --- ..--- ------~----=





one ...•gy 'Jf "'OOrC;F.lrJiZ::lt-i_'Yl,L).7r:+- . un '-rhe 'iistance 'Jve:' vlhieh tm

elect:,'!;! j;1ffi,,)S is taken as the -i:Lstanco ')f ~l'Jscst an-0T'J8ch 'Jf

t"le T'iqi.ri snl1eres. In 'JtheT' ~-nrr1s, in the case 'Jf' a re8:ti')n
-rot. ++-t

like M -- M _ his r1ista~ce is Gn~ql t')the sum 'Jf the
c-.. 't- 0'\. "Lr

crystRll'J1T'ADhic rA~ii 'J~ tl1e hAV>ereactant i'Jns rylus twice the

~,oJrittcn ass1["Ylin:)' t'T'! s'lccossivn in+;(J':'r:rJ.odL,te states X* and X,

*X k?,
~:-'~

k ')-'~

k
.~



C
A

cx w~ora k
3

~s tho r2to constant ?or

k k k
1 ~ 2



is cssenti.glly eqil81 to k.,
the s~mc ~) k 0 .

- J

81'lr1 k} i'J~8 Sh01\Trj GrJ"Y'l:icr 9·~ cn\181 tJ Z CXD(-L'4H'l/5,1'):; vJhc-::,e the

sec~~1 or1er "Y'qta nonst8nt k1 is i~ untis of 2.C. mole-1 see:1
B"l1 Z ;8 the ':'')ll:L~~io'1 n~J_'11i-:Jerin SO::!..ili:;;.or}given "lS lOJ6 c.c.

:nole-} s'--'c.-} 8t T"Y,r1 tCfTlDerat!lre.6H'* T'e~,~escnts the cl1an'SG in

~'ll -t 1 -=_[~?o i- (e1 82 ,.,* 8~)/Ds ~J/~'"'l
.l.

( 2;;
1 1) '1 1) ~-r -;-h2 --- (.6. e)

282 Ds

( * *)e~ -- e~ , n is the



.q the 3 blVO 0(1 ;.13t"'-- 8n ro"iueos "1:')

1 I °le~ ( 6'3) 2 ( _:- 11:;;. _._--- .--i):J'~3 Us 4 n'2L

-~~------------------._--- .•.••...._-------
8 ,

8
C * bp*RCRCti:Jr1 3 ( ~'\) 1'0r:1D. 'A Lif' RE:d

(oxnt) (e 31e )

Mn02- --- Mn04 2.9 1 0.17 1~.8 9.2 (210).1.

/.11""- 'J
""8 (r:N) 6 ,." ((;H) '- 4.hi /~ loO 12.7 lO.l (210);0 .,1\. 6

!l.- '-:l
M8 (r;N)~ -- :,18(CN\~- f1 .8 '2 1~.6 g •.5 (810)

:<'e'.?+ -:<'0~ -t- ~ .1 () 0.5 16.~ 0 .8 (~]O)--
C80t -- r '"'-t ':l L 0 () c::. ]h.1 Cl.g (~10)...•J-' · \..1 • OJ

9+ C)70 J __ 70 j",T ':l .4 0 ...., ':l':l ]'1.3 8.7 (20). .I ~ / _

9+
70F:f l./l. ., 0.17 15.0 7.6 (20)4'0' -_

"e U~5HS)2- 70 (r; SH5)~ 1.1 -75 6.0 5.3 (] Og)

i'0(CSH5)~-~e(C5H5)~ ':l • c::; ':r 6.0 6.1 (J 09)- ~

?--r V3+V' -- ':l · S '25 0..'56 20.6 c 10.0 (21])
""" '00 .;



11 rt·'?- tJ. y~* ;'*:8'0((;N)6- Ir'j16 8
J
( 1) 8? (,~) b, filO

: .f 6·
( ~xot ) (calc)

)4_ 9- -d(qj0)70 (;N 6 I~C16 4.5 ~.3 -1!) • ~ 9. '? 1.2
)11-- I~('l ?- 12 4.3 2.4 d(99)"0(t;l\T c:: • c; - 7.8 q.8

t.l 'J 6

70(CN)~-
9-o 01' -1 • .5 '1 ? - 1 c: 18.5 8.5 (90)s-"--6 __•. -1 _.:J

'")

Os (r] i ryy) Irt;ls- 4.~ 7 - 5.? S.5 2.0 (9°)
Os (di DV)'?-r--- ~f 7 1).3 6.S ].2 (99)7e(Phen. 7 -3

') -t-- ~+-
(99)OS(r}iny); -- f1U (rU "0\T~ 7 7 -10.1 6.5 0.2..,

~ll freo o~er~y va~uGs
in kc 31/m:)le.

c ~*(OXDt) is tho overAll v81uo ~or V(II)--V(III) exchRnge
j 11 1 1'1 HC1°1

o In 0.5 M HC101
Tho simi l,ql"ity bo hJeon S 0111 tLm 01 c;ct r")11 tr an s fer S .<tnr} e 10 c-



a~~ is 1~.1 kc~1/~810 in ~~8~ a~rnemn~t with the exnerimontal
Vgl11C 8f' 1Ci.R kcal/m81e. MAr"'1S (?15) , h8\veVCE', -:inds ::mo )f

f'r8m tho D8in
t 8f vin~ ~~ ~~o It~A~i ~iel~ tb08~Y. The mecha-

bee~ oxg~inc~ ~v ~aubQ gn4 Myors (817) an4 by Geo-go and Griffith

Hglnern g~~ n~~en (810) 1nvol~~o~ a so i quantitative stu~y

eX~hArjc;o f'Y>e011encios f'JY> these t rJ8 'F f"F'e~ent tYDes ~ f exch,gnge
....•.a-e 4c""ive4 usin~ t~0 time-4an0~rlQnt neY>tu~bati8n theory. Hush

(280) 40vnlODc~ g qU3ntitattve tro~tment ~~ eloctr~~ transfer
assumin~ "str')l')~interaction ArJ0 a'4iqhati~ trans.c>errrc~rreSP8wHng



1. lot. 0 ~c t Lm s yt.g +':'10 8~ltOT snho""'o A~ti VgtO'l ~8mnlox

9 Re8~t'i 8ns vig thn innor snho-ro activF.ltor'! c8mnlo-x:J.
':l ~GActijn..s v"a Ul1klJjHn moc h~wi sms'- .

T\:inotj.c stlyHoc; 1osc:·nibci 01Y'l.ior un0811btor11y ~ivo insi;:;ht int8
. ,

~on's 1o~~nstY'~to tho ~~Jha~la mochanism. ~loctr~n trans~Gr

)?..... )~-r )4- )1-~c~urs in +ho CASO ~f C8(el1 ~ -- ~a(on ?' ~o(CN 6 -- WG(~N 6
9_

ann MnO~ -- ~In04 'f8!' o'{q~T)le, t'1rjlJ.r.;h an 0xtonr ori activAtoi C8ffi-

G'\('~hgn~n. • rnm!4Y'Ir.ahlo s!lnstlilrity b.)O the T)Y'osonco ~C' Cs-t- i8ns
?- -

hAS f)C0D f'Gl)')rta"l in tho MI1O~' -- ~1n01 o'{ch:w~e br'}jortson B'1r1



iYl tho F'O(Ctni,--- ,f"c(r;IT)~- is ·orc4ictcr1. lTSi'1g thoeloctr8y} sDin

r0S....,n(1n~e; tl"chnl.(1llC '.~.':pn;::1'10 '.Joissm<Hl (41) reD8r't iYl tho CgSO :J""

Taube an~ c:Jw:Jrkors havo mR~o si~'1i~icA~t c8ntri~uti:Jn in tho

I"xA'TIDle 1.3 'the mechanism :J'J0ratiw' in tho '[':::tubo' s re.qcti~n des-

[(NH::3) 5

The; s-+:"'''v~tLlre )''' tho "lctiv'1toi ....'yn'J10lf is

II -J4'"Cr (H80)S

~ , Cl-, Br-, CNS-, N-1, 804-, ?O~-, p~o~-,

°\,
v

/o

H O._~Cr(Hl"')O)
I / G 5
C ~C-C

I \R OR



I (mr3 )588 - e o.~" 81" (H
Q
O)5

< \ ~ f/ Jc-A_c~ ~f \o OH

~T(III)X tho F~118win~ brid~o Activated

v ] Lt--t
N=.N::N - (;-1"*_

1"-
.........•Lt- -r

l'J::C-S - ~*- J
1\

Cr(II) .gnd CreIII)· ~'1o s"'TIf!lot1'ical YJatllro

trans"'or ViR hri4::;0 rnoch'1lJism :)s 1.s soon in tho ....gto c:)mDarorj t8

~110 1'0 l~ to"l W~S- i j'l as tho bri -1 (;in ~ l"1,Y'jUlJ. "ho.,...~ to i.n

D'1080W'O ~f' tl1r: azirlo i:)n ; S 'r---/104 timos lar-:;or.



0,-+ -+--
tra1'lS'''o:!' bO'hvC01'l ;r'" aO'1 cis,- Cr?') that

."_J

--3 -r '
--Cr--·"1'--Cr(Q?O)c:; ,) :1 s tho hY'j.1?O aC:i-:iv8to'~1 c)'11Dlox~ '--,-J

o 1\ ::1frl 0 1(' -+.: h (> Y' 0 I ~ +: h' (> Y' ~ t C S 'j f '))(-\!l -'J J:')!l (J~ V (I I ), r:; r (I I ) a 0 d
?, ?

CrC'liD) by Go(N1b)c::) X'- :Jbtainc'1 hv Z"\,v',ch:nl ani '":'aubo (5'2).3 t~ I.



\----- --,---------:--------~--- ,----, ----

I I I -14' .10 '1-?3-+ I i -p£c..",)-
4.01------ --1------ -,-- ~/ - ~I

! I - ,

-' I 1£//1 Ij 3°/----- i ~e..2f-/3+ I .-I
~ I I /,. V?+, ~-\ !

20 I I 0 //! I
.., I /1 H 2,-t-*" . lot) 2.t', // TC / I '.

f) NhD I!

'" ~Z ./T i. I<J / I i ~ i
i /0 0 (j .<--~-r~"-----
l' '. 1'-1r..4) f I I

:' ! I
1 1 1 i ,

o J 4 5' f, 'I ---*r



(J04), ~l('lcigl pcoU'"' "l~j_"l CJ}9), Rcot1~ anhyt"i.rino Cl39) , ni-

tr~mothano (87) Alc~~~l~ (86), othylone ~lyc~l (1~5), ban zone

Roact:i.'Jn kT{ 0 / kD 0 Rof,
'~ 2

-----"----_.- -------
9 I- . ~o'~.J· (81 )FG ~ --- ~

C~2 \-~_ Co? -+ 2 (01)
':I'T'l -i- 1'1" + ~ ..J 1.5 (152)

+ '":;+
(184)NDO? liT 0 j, '11,D. ~

2+' . 9-~
<') (83)1<'e -- '''oOR" ,~

?,...L 9-1
(224)fi'e~ <'eCl ~ , '7.5

9--1- ?-I
Fe'~ ?c l\T ~ ],5 (94)-8



("8 (NH )::34-, ,~ S

(' (liD ) (tl~-\.0 .. "1« c::. --' --
u

0,

('~ (N~)~

C8 (NH" ; -OR,:' :~

V8 -r --

(52)

(65)

C 0 t-- 0", (1\iD ) OT.J3--1r'" - - J 8 ..13 c:: ,10~ t) .J

0-r ( \ ~TCr~ -- C8 NH3J5Cl
o 0*

Cr"'>+-- CO(m{,:i),lJ(H-t'lJ.rrl8-rate)'" -- J.
?'-I- 3 '1--Cr(r1iDV)~-- ~8U~q3)50R2
0+- ~TCr(~iDY)~ -- CO(NH~)~

(70)

(70)

* Zwickcl 801 ~aUb0 ( ) rCDJrt a 30% ~e1uctioo in the
~1t0 8~ this -cqc~ioo i~ ~O(N~)~~ is usc~ as the oxidant.

k (016 ) /k (0~@)
1. 0~5

k(N14)/k (115)
1.003 (225)

inte-nr-ct the 8xygen i88-
?-r: 3-\-

Cr-~ by C0 (1"H~)5 OH2
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