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ABSTRACT

The kinetics and nechani sns of the oxidation of HEDTA EDTA
and NTA by Co'W Fe (bipy)s® and Fe(5-HO,- phen) 3% respectively
have been studied in aqueous perchloric acid nedia.

(ne nol e of the conpl exone was found to reduce two nol es of
the conplex in each case. Each reaction is first-order wth
respect to oxidant and reductant. For all the reactions studied,

the enpirical rate lawis given by

d[ ]
= 2k,[ Ox] [ Red]
dt
at 25.0 + 0.1-C | = 2.0M5aCl04) and [H] range of (0.25-1.0)M

Were 'O is Co'™W Fe(bipy)3* or Fe(5-N0,-phen)3* and 'Red
is HEDTA, EDTA or NTA

The rates of reactions decrease with increasing [H]. This
is attributed to the dissociation of the hydrogen of the -CX®2H
group in the conpl exones prior to electron transfer.

S nmlar mechani sns have been proposed for these reactions on
the basis of the simlarities in their stoichionetries and
oxi dation products.

Both spectrophotonmetry and kinetic evidence in these
reactions indicate that an inner-sphere conplex formation prior
to the electron transfer step is absent. The outer-sphere
nmechanism is therefore the nost plausible for the title
reactions. The inertness of these oxidants to substitution is
advanced as the najor reason for the operation of the outer-

sphere nmechani smin these reactions.
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1.1 Iniroduction

i.1 Qxidation-Reduction (Redox) Reactions

A redox reaction involves the transfer of one or more
electrons between oxidants and reductants, This reaction 1is
often accompanied by changes in the oxidaticm states of at least
two of the reactants. A particular oxidation state is said to be
stable only when 1ts redox reaction invleves an unfavourable free
energy change, or the activation energy for the intra molecular
electron-transfer processes are tpo large (Sutin, 1966; Taube,
1968; Chaffee and Edwards, 1970; and Earley, 1870).

Redox reactions are very important i1in many chemical,
blochemical and technological processes. The investigation of
the mechanisme of a2 large number of these alectron-transfer
reactions have been reported, (Sutin, 1962; Hunt, 1963; Sykes,
i866; Wilkins, 1974; and Burgess, 1978). A range of experimental
techniques have been used in the study of redox reactionms,
(Sykes, 1966; 1967; Rosseincky, 1972; Wilkins, 1974; Haque, 1972
and Burgess, 1978, These techniques vary {rom conventional
spectrophotometric methods for slow redox reactions to contlnuous
flow and stopped-flow methkods for fast reacticns. These methods
have been extensively reviewed, (Stranks, 1960; Caldin, 1974; and

¥ilkins, 1974).



Recent developments in redox chemistry have shown that the
basic principles which are applicable to simple systems ipvolving
metal ioms 4in sclution extend with =oms modification +to
biological I1mportant processes such as metalloproteins, Other
systems to which the principles are applicable are intervalence
transfer and reactions of hydrated electrons.

These reactions mamy occur by the outer- por 1lnner-sphera

pathway, {(Taube, Rich and Meyer, 1963).

1.2 Types af Electron—transier Reactions

Redox reactions can be classified on the basis of their

thernodynanic parameters.

1.2.1 Homonuclear electron exchange

The basic underlying factor here is that electron transfer
takes place between two ions ol the same element 1in the same

environment, e.g.

*Fe (Cet~ + Fe(CH)e™ -—— > *Fe(CH)c™ + Fe(CR}s2— ... 1.1

vhere * 15 an Isotopicelly labelled element. In this exchange,
there is no net chemical change and rate constant fpr the forward
reaction equals that of the reverse reaction, =so that
Ewaquilipriws = 1, 8H = 0, AG = 0 and 45 > 0. BSuch reactinn can

therefore be studied only by Isotopic labelling.



1.1.2.2 Heteronuclear electron exchange

These reactions are called "Chemical" <{or "Cross")
reactions, 1n which the products are usually chemically distinct
from the reactants, The rate constant can be measured by

chemical method. Here, aH # O and &G ¢ 0, e.g,

Fa(CH)e*~ + IrCle™ -—r—=rm- > FelCh)e® + IrCls? ..... 1,2

This class of redox reactions could be complimentary or non-
cenplimentary. It is complimentary, if the number of electrons
lpst by the reductant equals that gained Ly the oxidant. This

type of reaction must aiways involve 1:1 stoichiometry, e.g.

COTRE + Crif —wm——-- > Cri®t 4 Cotr ..., 1.3

On the other hand, a redox reaction is said to be non-
complimentary when the nunber of electrons lost by tke reductant
is not the same as that gained by the oxidant, and therefore, 1:1

stolchiometry 1s not possible, e.g.

2Fe®* 4 Sp?* —————- > 2Fe®** 4+ Bn* ,...... 1.4

These reactions must almost certainly involve the formation of a

reactive intermediates in which unstable oxidation state of

metals are formad.



1.3 Franck-Condom Principle

The electron transfer process must satisfy the Franck-Condon
roestriction, which states that, "the motiomn of nuclel is so slow
{10-'?zec) compared to that of the eleciron (10°'%sec) <that
electron transfer ovccurs without any appreciable movement of the
nuclei®. In other words, nuclear position remain essentially
unchanged during the act of electron transfer, (Platzman and
Frank, 1954; Sutin, 1966). There are twc major consequences of
this principle of electron transfer reactions;
(a} The oxidant and reductant must undergo reorganization before
the act of electron transfer im a way that ensures that thelr
energies in the transition state are identical. This miniwmizes
the erergy change on electron trarnsfar,
) Ko significant amount of chenge in spin angular momentum of
the activated complex must occur during electron transfer, Spin
inversion when it cccurs is found to inhibit the overall redox

rate.

1.4 ElectronTunneiing theory

In addition to the above contributions, it has been noted
that electronic energy is not as high in either the 'reactants'
or the 'products' activated complex as the classical potential
energy barrier ito electron migration between these couwplexes,
Therefore, electron migraticn is viewed as a tunneling process in

which the electron passes through the potential enargy barrier
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rather than over it, (Basolo and Pearsom, 1967). the result is
that the electrom can be transferred to distances much greater
than would correspond to the actual ceollision of reactants.

Figure 1.1 illustrates a potential energy barrier leakage.

1}

Vhere u: and uz = ground states of the electrons in cations 1 and

2 respectively,

d = width of barrier at heigbht of penetrationm,
¥V = kinetic energy of the electron,
Uo = helght of the barrier,

This situvation has led some theoreticlans to attempt calculations

pf the electron transmission coefficient Marcus et al, 1954,
Their results were expressed in terms of transition state theory

of chemical kinetics and couléd be written in the form:

k = ———k'exp(— ————— - _"__) ) 1:5

rate constant

where k
k' = the transmission coefficlent which includes the
probability of barrier penetration.
T = absolute temperature
K = Bolizman's constant
Ge* = activation free energy for overcoming electronic
repulsion between the ioms,

Gr*

i}

activation free energy for rearrangement of the

hydrated and coordination shells,



Energy ——

Electron Coordinate ———>

FIG. 111 ELECTRON TRANSFER BY PENETRATION
A POTENTIAL ENERGY BARRIER



The +transmission coefficient which is always close to one,
increases (tending to 1increase the rate constant) as the
exchanging partners come closer together, The energy of
activation alsp increases because of electrostatic repulsion, and
this tends to dscreaze the rate constant. MHowever, at ar optimum
distance, a maximum exchange rate is pbtained. Simllar theories
for electron transfer by an electromn tunneling mechanism have
been proposed, {(¥Wess, 1954; and Marcus, 1956}, 0f recent, Lewis
(1980>, discussed +the question of potential energy as a
concaptual tocl in the study of electron transfer reactions. BHe
concluded like Taube and Gould (1968), that electron tunneling 1s
probably involved 1n most electron transfer processes, although

the tunreling step may not be the rate determining in most cases.

1.5 ¥echanlswm of Redox Reactions
The study pof the mechaniem of electron—+transfer procesces
can be discussed broadly under four main points of mechanistic
interest;
{a} SBtoichiometry of the reaction
{b) Kipetics (including the different factors that may affect the
rate of reaction)
{c) Spectrophotometric studies of the different species that may
be involved

{d> Product analysis,



In trying to understand the pathway of electron transfer
processaes, two distinct mechanisms have been established (Taube,
1959; Taube, Meyer and Rich, 1953) namely, the outer- and inner-
sphere mechanisms. In principles, either of the mechanisms is
possible for both Isotope exchange and chemical reactions. There
are two important aspects of each o0f these mechanisms; the

spatial and the energetic aspects.

1.5.1 The outer-sphere mechanism

(9.8} Spatlal aspect: This involves the electron transfer
between two species whose coordination sphere remain intact
although, not complelely undisturbed during the act of electron
transfer. The outer-sphere mechanism occurs when both reactants
are inert with respect to substitution or when one is relatively
inert and it does not present a bonding site for the labile

reactant, e.g

*Fe (phen)s?* + Fe(phen)sZ *Fe (phen)s®* + Fe(phen)s=* ... 1.6

This reaction qualifies for an outer-sphere redox category since
the phenanthroline could not become detached from the ipert
Iron(II) and Iromn(III) centres during the course of the rapid

redox process. Therefore, the coordination shells of the two



reactants remain essentially intact even after electron transfer
(Larsen and Vahl,' 1865).

Similarly, ouvter-sphere mechanism operates for the self-
exchange reaction of Ru(NHs)e®** and Ru(NHa)e®* (Meyer and Taube,
1068), and the cross-reaction between Fe(CH)e“~ and IrCle®"
(Sutin, @t al, 1964), the electron exchange between substitution
inert Co(NHs)e®* and Cr(Hz0)e®** has been found to proceed via an
outer-sphere mechanism because coordinated ligands such as
ammonia and ethylenediamine cannot form bridges even though

Cr(II) is labile.

(B) Energetics: The mechanism in outer-shere reactions can be

illustrated with the following example:

Step I: Formation of precursor complex

X1 (Hz0)e™ + Na®P% (NHa)sl™ ==> [ (Ha0)eMy P¥-tMati1 (NHp)g) <rem>e

P 107

Step II: Activation of the precursor complex.

[HzaD) M 11-LM21 1T (FH3) ) ™% =) (HzD)eM:i**~-LM2**? (NHa)g)®cnem?*

L T -
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Step 11I: Electron transfer and formation of successor complex.

[ (HaO)gM123-LAa*?* (FHa) g) * 0% —=vee >
[ (H20e)Mr 222-LN21T (NHa)g) Com2+
LI BN O 1'9

This is the rate determining step.

Step IV: Decomposition of the successor complex

[(Hao).l‘l!‘l_Lh!!(ma).](ﬂ-bn)-r -—=3 ll!!(HzU)‘tndbl e+ 4
Mz (NHz)gLtm=12+

(R 1-10

In outer-sphere mechanism, the interaction between the
oxidants and reductants is relatively weak on the time scale of
the redox reactions and therefore, effect of breakage and
formation of bonds are not normally considered, but can only be

subjected to theoretical treatments.

1.5.2 The Inner-sphere mechanism

(A Spatial aspects: The main feature of this mechanism is
that substitution occurs at one of the metal centres to give a
binuclear 1ligand-bridged species prior to the transfer of

electron. In such a situation, the two reactants are linked by
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at least one bridging ligand common to their inner coordination
shells. The bridging pattern could be grouped into three

systems,

(a) Mopno-bridge system: There is one bridge between metal and
ligand. The ligand could be unidentate (i.e it has one bonding

site) e.g halides, or ambidentate (it has more than one bonding
site), most common are CN~ and NCS~. The use in the oxidant of
an ambidentate ligand that presents more than one potential donor
site towards the reductant introduces the concept of remote and
adjacent attack, (Taube, 1965). This can be illustrated by the

reaction scheme (Shea and Haim, 1971);

remote attack by [ (NHs)sCoSCNCr4+] --> CrNCS2* + ..
| Cr2+ (stable)
| |
! I
Co (NHs) s SCH=* Isonerizes
I ]

} i

ladjacent attack by [ (NHs)sCoSCr4+]--> CrSCN=* +...
CN (unstable)

Cr2+

Adjacent attack occurs when there is only one nucleus

separating the two metal centres, and remote attack occurs when
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there are two or mnmore intervening atoms between <+the metal
centres, 1.e theye is 2 bond with one ligand atom which is not
directly connected with the second metal centre, Some factors
that governs the site of attack are; steric hindrance to remote
attack, favourable bonding at the adjacent site and the ease of
electron transfer from the site of the attack to the central

metal atom.

4 Double bridge system: The posslbility of twe or more

bridging groups in the activated complex of an inner-sphere
roaction was suggested by Taube and MNeyer, (1954, The
implication eof a double bridge in a redox reaction can only be

via product characterization. The Isotopic exchange,

Cis-Cr(Rada + *Cr*'———== Cig - *Cr(Ns)=" + Cr=* ,,... 1.11

can only occur via a double bridge. The rate constant for the

exchange is 31 times large at 0 than the rate constant for the

net chemical reaction,

Cis ~ Cr(Ns)z + Cr2+ —-—— > Cr(Na22* + Cr® 4+ B~ ..... 1.12

which goes through a single bridge (Snellgrove and King, 1964),
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(c) Chelated system: The ligand which is bonded to a metal centre
forme a chelate with the second metal centre. Here, remote
attack occurs although the intervening ligand may not actually
take part in the act of electron iransfer, e.g the product for
the reduction of Co(NHa)sOCOCHz2COOH by Cr2* is the chelated
Co(I1l) complex, which could have arisen only from the redox
process involving a chelated intermediate, (Huchital and Taube,

1965);

|(nn,>.co~u\ 3+ )
| ; -== CHa |
| c\ >:=o |

l Cr === 0 |

(B) [Energetics: The steps that are involved in the inner-sphere
mechanism are illustrated with the following examples:

Step I: Formation of encounter complex

LeMy T¥1X™* + M2'* (Ha0)e™* ---> La¥:i***XM2'? (H20)g) ¢™*m>+ .,.1.13
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Step I11: Formation of precursor complex
LaMy P2 I1XM2 T (H20)g) €™+ —=> [LaMi ¥ *-X-Ma®* (Ha0) sl <™+ ,.1.14
Step III: Activation of the precursor complex.

[LaMy 22-X-Ma** (BaQ) gl ¢™*n>* ===> [LaMy?77-X-Na®* (HaD) ] ®¢mem>+

L B B 1‘ 15
Step IV: Formation of successor complex

[L.!1 Iz l..x..le b 4 (330).1 WimeYI* [ Ls!: I !_I_bl I (HQO)I} ®imrrde

vires 310
Step V: Deactivation of the successor complex

[LaMy **~X-Na® F* (Ha0) ) #<m*n> —==> [LgMy T*-X-Ma®** (Ha0)g] cmero®

L 10 17
Step VI: Decomposition of the successor complex

[LeM) **=X-Ma??? (H20) g} ¢™*2+ ==> Lghy **H20°"="°* + XN2*** (H20) ™"

R 1-18
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In theory, zny of the esix steps could be the rate detarmining
step, but in pra@tics ony three special cases hn?e been reported
as the rate determining steps, the electron transfer within the
bridge complex being the most commonly observed in the inner-

sphera reactions.

(1> Electron irazsfer within the bridge is the rate determiaing

giep: this operates when there is at least one reactant that
is sufficlently lablle to form the bridged complex at a very fast
rate aﬁd the decomposition of the successor complex is alse fast.
In suck reactions, the rate depends on the nature of bridging

ligand and on the overall free energy change nf the system.

Reductant _ Oxidapt = Bridge k2, X 's™'  Reference

cra« Cr (8Ha)sX2™ Ci- 6 x 10% a
' . Br- (1.420.4) x 107 2
Co{CRs*~ » C1- 5 x 107 b
. . Br~ 2x10° - ¢
Fe2+ » Cil- 1.4 x 10—* d

* v Br- 0.726 x 102 d
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a = Candlin and Halpern, (1965)
b = Candlin andyHalpern, (1963)
c = Tobe, (1972)

d = BEspenson, (1965),

(11) Decomposition of the successor complex is the rate
determining step

This situation arises when both metal ions in the successor
complex are substituted inert or when the reactants and the
successor complex are in equilibrium, so that the latter is long-
lived to the extend that it can be identified or isoclated as
salt. An example is the reaction (Haim and Vilmarth, 1961) of
Co(CK)s®" with Fe(CN)s®", when the isolation of the complex anion
[ (CH)sCo'**~NCFe?*(CN)s]®~, was possible and formation of very
small and equal amounts of Fe(CN)s*~ and Co(CN)sHz0?~ (the result
of aquation of the successor complex) was observed. Thus, the

reaction is not accompanied by bridge transfer.

(111) Formation of precursor complex is the rate determining step

This is observed when Kredox ? Keubwmtitution, but for some
reasons outer-sphere mechanism does not operate. In this case,
the rate and activation parameterss of such reactions do not
always depend on the nature of oxidant or the overall free emnergy
change for the total reaction. Below, are examples of some

reactions of Viag>®*(d®-substitution inert) in which the format-
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ion of the precursor is thought to be rate determining step,
because the rate of the redox reactions seen independent of the

nature of oxldant.

Sacond-order rate constants for the oxidation of Vewe»2*

Oxidant PO wht -l Reference
Co(¥Ha} sRa?* 13.0 a
Co(HHa)aCz04H>" 12.5 b
Co(en’= (HCO=) =+ : 13,0 o

a = Candlin, Halperp and Trimm, (1964}

b = Taube and Gould, (1869

¢ = Przystales and Haim, (1872),
Factors that affect the reactivity of the outer- and inper-sphaere
mechaniomes

(&) Eiiani_ni_Elﬁnirnnls_snniigunniinn:
(2> ouier-sphera mechanism

The removal or addition of electroms from (or to) tag
orbitals 1= easler than in e, orbitals, This 1is becnuse t=g
orbitals are non-bonding orbitals while eg bprbitals are
antibonding, and addition or removal of electrons leads +o
large effect on bond lengths., as a general rule, the ease of
electron transfer can be represented in the following order;

Loy ~> tag) > {6y —-2 tza) > {tzg ——=2 eu) > {eg —-=> &g’
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e.g v®** ions generally react faster than Cr®* lomns with the same
oxidant despite the difference of 0.16volts in their B, This is
because, it 1is much easier to transfer electrons from tag
orbitals in v2*, than transfering electrons from eg orbitals in

cr:‘ .

(b> Inpner-sphere Mechanism

In this case, an entirely different order is obtained. This
is because apart from the symmetry of the metal orbitals the
symnetry of +the bridging 1ligand has to be taken into
consideration in determining the reactivity sequence. Thus,

(1) eg ---> eg 1is faster than tzg --> tzg tramsition, in

contrast to the outer-sphere mechanism.

(11) eg -——-> eg tramsition is favoured when the bridging ligand
is of v symmetry, e.g Cl~ will be a better bridging group in such

inner-sphere reactions than Ns™.

(111) t2g ---> tag transition is favoured when the bridging
ligand ie of x symmetry. Thus, N3~ will be a better bridging

group in reactions involving donor and acceptor orbitals of tag

symmetry.
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(B) Effect of non-bridging ligand

In nutar—sphira mechanism, all ligands belong to the group of
ligands that are not involved in the act of bridging during redox
process,

For the inner-sphere reactions, the influence of non-bridging
ligands on the rate of redox reactions could be related to a case
in which electronic states in the activated complex are
comparable to changing bond distances and therefore the ligand
fields of the reactants. For an example, in the reduction of
Co(III> and Cr<(II) complexes, an eleciron from the reductant
would appear in an empty eg orbital directed towards 'X' (the
bridging group) and 'Y' in trans-Co(NHa)4XY. The energy of this
prbital will obviously be more semsitive to changee in the tranms-
Y group than to changes in the cis-NHa ligands, (Orgel, 1956),
and the orbital will be stabilized by a weak field ligand 'Y'.
The availability of +the oarbital is further enhanced by the
simultanecus motions of the bridging ligand and the field ligand
in opposite directions, (Taube, 1959). in other words, bonds are
shortened for the reductants and lengthened for the oxidants in
forming the activated complex. e.g the replacement of Hz0 by
ethylenediamine in Cr(I1) increases its rate of reduction of
Co(III) complexes, (Williams and Garner, 1971; Diaz and Taube,
1970). Since the ethylenediamine has a stronger field, less

shortening is required, Inversely, increasing substitution of
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NHs for Hz0 in Cr(WHa).(Hz0)s-~Cl2* reduces the rate of oxidation

of Cr(II), (Carlyle and Espenson, 1969).

(¢) Effect of bridging ligand

In the outer-sphere mechanism, there is instantaneous
electron transfer between the two orbitals of the metal. Such
reactions are said to involve adiabatic electron transfer
because, the probability of electron transfer is very close to
one.

For the inner-sphere mechanism the effect of the bridging

group can be discussed under two mechanisms.

(1) Resonance mechanism. This involves instantaneous transfer

between the metal centre through the bridging ligand, it
therefore does not involve the formation of free radical

binuclear intermediate.

(11) Chemical mechanism. Either of two things can happen.

(1> a low-lying empty orbital in the bridging ligand
receives electron from the reductant and retains it for a
reasonable period of time, before passing it to the oxidant or
(2) a field ligand (non-bridging ligand) orbital of high energy
could pass an electron to an oxidant and remain for sometimes as
transient free radical intermediate before it receives electron

from the reductant. This mechanism, therefore, involves
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transitory reduction or oxidation of a ligand to give a free
radical binuclear intermediate. The stepwise process may be

illustrated by the following examples;

| o MRERGROR Lot bl o i cesssvnsaas 1,19

Attt ot Yo BN A1+ Y-RBen—=13+ .. 1.20

1.6 Diagnosis of Redox mechanisms
One of the primary objectives of the redox kinetics is to be

able to assign one (or both) of the established redox mechanisms
to a redox reaction. The assignment is sometimes obvious, but
often difficult and in certain cases impossible. Some of the

criteria for diagnosis are discussed below.

1.6.1 Keadox (Xeaa) VYOrsus Xaewtisution (Kewn)

The inner-sphere mechanism involves substitution at one of
the metal ions before electron transfer, therefore if kiaa >>
Kuuw, such reaction can only occur by the outer-sphere mechanism
because, by the time electron transfer takes place substitution
has not occured. For example, the reaction below is proposed to

occur through the outer-sphere pathway;

Fe*(CH)e*~ + Fe(CH)e® —--—- > Fe*(CMs® + Fe(CMe*~ ..... 1.21

krea = 10°K"'s™!



22

while,

Fe(CH)s™ + *CX¥ 1;—-7--> FaCeCRY(CH)a® + CH™ uvddevrsnnes 1.28
Kaue = 2 x 107708

and

Fe(CH)g*~ + *CN ----- > FaC*CID(CMa*~ + CH™ .ovvvvnneon 1,29

Kauo = 7.8 x 107N~

1.6.2 Product analysis
Product analysis (the original method by which Taube

recognised the inner-sphere mechanism) may be used to distinguish

the mechanisms, e.g in the reaction,

Cr** + Co(FNHa)sCl** ~--—- > CrCl** + Co®** + ONHa* ...... 1.24

The reaction was carried out in the presence of radipvactive Cl-
in solution and it was found that less than 1% of the radioactive
€C1- were incorporated in the product, CrCl®-, This proves
conclusively that the Cl- has been transferred from Co to Cr and
that the transfer occured via the inner-sphere mechanism in which
a Cl- bridge complex was formed between Co(III) and Cl1~ prior to
electron transfer (Taube, 1970; Taube and Meyer, 1054),

Similarly, in the reaction between Co(CN)s®~ and Co**f (NHa)sX,
the product, Co(CK)sX® has been associated with a bridge
intermediate, [ (CN)sCo?*-X-Co??*(NHs)sl, and a rate law sensitive

to the nature of 'X'. The inner-sphere mechanism was proposed,
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vwhere X = C1~, Np~, KCS~ or OH". But for X = P04®", COs®~, 80.%~
NHs or OAc~, the reaction between Co*'(CH)e*~ and Co*** (NHs)sX
proceded with a rate law depend on [CKF-] but independent of the
nature of X,

However, this criterion must be applied with caution because,
(1) atom transfer does not necessarily occur in all inner-sphere
pathway reactions.
(i1) the products of reactions of some reductants (like Fe=®*+, V=+
and Eu®*) 1in which atom transfer have already taken place,
hydrolyse so rapidly to give products in which atom transfer may

be effected.

1.6.3 JIdentification of binuclear intermediate in the inner—

sphere mechanism
Sometines the binuclear intermediate may be detected, if

short-lived, by stopped-flow spectrophotometry or if long-lived
{when both metal ions are inert) by ordinary spectrophotometry or
by isclation.

Some examples of detected intermediates are shown below.

Reactants Internmediate
(i vV=+ + V0O=* VOvV4*, (Newton and Baker, 1964)
(11) Cr(Hz0)e®** + U022 { (Hz0)Cr**'-QUv014+, (Newton and

Baker, 1962)
However, it must be noted that the observation of the

binuclear intermediate does not imply that the product(s) is
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obtained by the inner-sphere pathway. In principle, it can
revert to the reactants and product(s) could then be obtained

through the outer-sphere mechanism.

1.6.4 Activation parameiers

There seems to be no direct correlation between the
activation parameters such as AS", AH®, AG* and the type of
mechanism but it is suggested, (Taube, 1970), that the entropy of
activation which has a more direct connection with the
molecularity, structure and charge of the activated complex,
could be belpful in distinguishing between the inner-sphere and
the outer-sphere mechanisms. But despite the difference in
mechanisnm, the valuves of aAS* for the reaction of Cr®* and
V(Hz0)6®* with Ru®" complexes are almost the same, and we must
conciude that a superficial use of the values of AS* does not
lead to a safe classification of mechanism.

The use of AV* has been suggested but its applicability is

extremely narrow, thus this criterion is of little use.

1.6.5 Reactiviiy pattern

Attempts have been made to assign mechanism using the
reactivity pattern and comparing this with those for a reagent of
a known mechanism. For examples, Cr2®* in most cases, reacts by
an inner-sphere mechanism (from evidence of atom transfer in the

product), while Ru(NHs3)#** reacts by the outer-sphere mechanism
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(from the fact that kieo 27 Kaeuw). Some of the reactivity

patterns are explained below.

(a) Reactivity patiern with a wide range of reactants
If a range of similar complexes, e.g. Co(NH3)X** (X = Cl-,

F=, Br~, I- or NOs~) are compared with a particular reductant,
and the rates are found to be similar, the cuter-sphere mechanism
is presumed to be operating, since this mechanism does not depend
on the identity of the bridging ligands, but when the rates
depend on the nature of the bridging group, inner-sphere

mechanism is predicted, (Sykes, 1967; Shea and Haim, 1973).

(b) Relative rates of reactions of hydroxo and aguo complexes
The OH™ group is a better bridging ligand than Hz0, so it is

expected that hydroxo complexes react faster via inner-sphere

nechanism, thus, where kow™ ({ Kague, the outer-sphere mechanism

is thought to operate.

(¢) Comparison of the relative rates of reactions of the azides

and Isothiocyanato complexes

kna™
e.g (NHa)sCo-N=FN=F=* + M=*_, [ (NHa)sCoNNN-MI<+ .,.... 1.25

(NHs)sCo~-N2C-52* + M2+ ~=ve-- > [ (NHs)sCoN=C-S-MJ4* ,...... 1.26
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If the reaction is occuring by the inner-sphefe mechanism and
¥2* is a hard cenhtre; then kns™ > Xncs™ °" “wna /Ewcs™ »> 1, since
bond formation is important in this case. This is because metal
ions are hard acids and would prefer to associate with the hard
N>~ centre. But if kna™ = kncs™ Or kns /knes™ = 1, it means bond
formation 1s not important thus, the reaction occurs by outer-

sphere mechanism,

1.6.6 Marcus theary

In the outer-sphere mechanism, the weak interaction
between the reactants has permitted its theoretical treatments
and correlation between kinetic and thermodynamic parameters
(Sutin, 1966). The most widely used of the treatments is the
Marcus theory, (Marcus, 1956). when there is 1little
rearrangement before electron transfer takes place, the theory

predicts that for the reaction;

) €
Oxy + Reda —= Redr + Ox= ........... 1.27

and related lsotopic exchange reactions;

*Dxy + Redy -———~- 2 "Red" + Dxr  seavivnn 1.28

*Oxz2 + Redz -——-—- > *Reda + Oxa ...0v00.s 1.20

Kz = (ki ka2Ki2f)™ ... vrivinsness 1.30
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vhere f, usually assumed to be 1, is given by

k2 and K,z are the rate and equilibrium constants
respectively for the cross reaction, kiv and kzz are the
homonuclear electron exchange rate constants respectively, and Z
= 10''M~'s~', is the collision frequency for the homogenous
reaction. Thus, from Marcus equation, the theoretical rate
constants for the redox reactions can be calculated from the
expression (1.32) by considering the solvent reorganisation

occuring outside the inner coordination shells of each reacant.

k = Zexp—a®¥/RT Fim b B o Bihoie e # 1.32

aG* = the change in free energy of ion-ion and {on-solvent
interactions accompanying the formation of the activated complex.

AG* = wr + ACG*in + AG™ouwt ..... pevisie Yo 98

where, wr = work needed to bring the two reactants together.
AG*in = inner-sphere reorganisation term.
AG*out = outer-sphere reorganisation tern.

Using equations 1.30 and 1.31, relations (Marcus and Sutin,
1975) between the kinetic parameters for a cross reaction and the

component. Self-exchange reaction can be derived:
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and

a* ----------------- LN I N I I I 1.35
4(AG1* + AG12™)

AG,2* = the free energy of activation

4G,2z® = the overall free energy in the medium used.

AGy1* and AGzz* are the free energies of activation for the self-
exchange reactions. a is vusuvally small when f = 1. Thus
equation (1.34) becomes,

AGr2* = 0.54G1:* + 0.54Gz23* + 0.54Gv2" ...... 1.36

It is negative in reactions of negative AG,2® and becomes
increasingly so with decreasing aG:=2°.
The differentiation of equation (1.34), (Marcus and Sutin

1975) gave related equations for entbhalpies and entropies of

activation;

AHi2* = (0.5AH:1* + 0.5AHz2*) (1-4a2) + 0.5AH:2°(1 + 2a) .... 1.37
and

AS 2* = (0.548y1* + 0.54822")(1 - 4a®) + 0.5aH:12°(142a) .... 1.38

Bo, for a reaction proceeding via the outer-sphere mechanism, a
linear relationship between the free energy of activation and

standard free energy change of the reaction is predicted with a
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slope of the straight line being 0.50. From Marcus theory, kcaic
= Xownw, indicates the outer-sphere mechanism, but the reverse
does not give absolute evidence for the inner-sphere mechanisn.
fn the other hand, if kcow >> kcaic, then it can be presumed that
the inner-sphere mechanism is operating.

It must be noted that, none of the above criteria,
individually, gives conclusive prove about the mechanisn,
however, when two or more criteria point to the same conclusion,

the mechanism can be assigned with some degree of certainity.

1.7 Solvated electron theory

One further possibility of mechanism of electron transfer in
sclution is that of solvated electron. In this mechanism, the
reductant ejects an electron into the solvent, which then
solvates it and holds it until the oxidant picks it up. The

redox process involved is thought to occur as illustrated below:

A+ Se——== A" + 5~ RIS TR -
8 +B ——=>I[S" +B)I®*" ~—-->8 +P .... 1.40
where, A = reductant
B = oxidant
S = solvent

Although this process occurs readily in non-aqueous media such as

liquid ammonia, it is highly unlikely that a solvated electron
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with an estimated potential at -2.7v (latimer 1952} will exist in

water without rapidly reducing water according to this equation;

@caq> + Ha0 —==——- > ¥Hacg> + OH- ....... 1.41

Thus, the possibility that this mechanism operates in aqueous

media is remote.

1.8 Objectives of the project

(a) The polyanion, 12-tungostocobaltate(III) is important in
pbotochemical reduction of oxygen and water, both of which are
useful potential pathways for the conversion and storage of solar
energy (Darwart and Akid, 1985). And the complexes Fe(LL)>* (LL
= 2,2'-bipyridine or 1,10-phenanthroline) are very important in
analytical studies,

(b) The aminopolycarboxylic acids, ethylenediaminetetraacetic,
(hydroxyethyl)ethylenediaminetriacetic and nitritotriacetic acids
(herein abbreviated as EDTA. HEDTA and NTA respectively) are
popular complexing agents and are thus often referred to as
complexones. They are particularly important in complexometric
titrations (Vogel, 1978), as analytical reagents (Belcher, Vilson
and Vest, 1964) and as masking agents in the analysis of metal

ions (Ringbom, 1963).
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{c) However, the redox reactions of complexones with any of the
complexes employed in this research so far appears to have
received no attention.

(d) In recent past, some studies of EDTA and HEDTA have been
reported. However, no such report have been published concerning
NTA. ©NTA is therefore included in this study to widen the scope
of the present investigation for broader comparison.

(e) It would also be of interest to note any complexation along
with the redox processes, since the complexones are well known
for this function.

(f) Finally, most work reported so far seem to have been done
with substitution labile complexes (Palei and Udal'tsona, 1960;
Palei, Kabanona and Danushenhora, 1860), whereas all complexes
used in this study are apparently substitution inert,, so it
would be of interest to examine the belhavicur of complexones with
such complexes.

Therefore, as part of the continuing interest in the
reactions of complexones (and redox reactions in general), and in
view of the importance of these species, this research is carried
out to accumulate more data on the kinetics and mechanism of

these species.
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2.0 LITERATURE REVIEW

12-tungstocobaltate (III) anion is a part of the large family
of inorganic polynuclear complexes. This anion and its salts
vwhich contain both cobalt and hexavalence tungten in the anion
have been able to exhibit a number of unique features (Keggin,
1933, Baker and McCutcheon, 1956), as have been reported of 12-
tungstates of Cr(ITI), Fe(III), Cu(I), Mn(IV}> and Zn(II) (Brown
and Mair, 1958).

The salts of 12-tungstocobaltate(ill) (henceforth designated
as Co'™*¥) fall into the class of hetetropolyanions referred to
as 12-heteropolytungstates. The prefix 12-depicts the ratio of
tungsten atom to hetero atom in the compound.

Reports have been made (Dermer, 1973; Jasmin et al, 1974;
Craquinta and Dilley, 1975: Berg and lzawa, 1977; Goldfield et
al, 1978), of the use of heteropolymolybdaytes and tungstates as
electron stains for electron microscopy, antiviral agents and as
electron acceptors in the stuvdies of photosynthesis, as well as
their use for photochemical generation of hydrogen in the
presence of a great variety of organic reagents, (Constantinou
and Ioannidis, 1985; Banerjee et al, 1987)., Thies polyanion is
known to undergo multi-electron reduction by chemical and
electrochemical means (Pope and Varge Jr, 1966; Pope and

Papaconstantinou, 1967 and Varge et al, 1977). The reduced forms
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of the heteropolytungstates is the blue compounds which are
noderate reducing agents.

The anion, Co’"?0.¥120s6®", (sometimes named as dodecatung-
stocobaltate(III) or 1Z2-Volframocobalt(lII)ate), is yellow
crystalline and has the keggin structure with tetrahedral
cobalt(III) iom surrounded by four oxygen atoms, CoDa. The
cobalt(III) don 1is deeply burried within a shell of VOe
octahedral (Figure 2.1) and is completely shielded from contact
with external species, (Keggin, 1933, 1934, and Rasmussen, 1967).
The W0s shell has been reported to be very stable (Baker and
Simmons, 19%9; Rasmussen and Brubaker, 1964; Geier and Brubaker,
1966), and hence the cobalt(III) ion in Co**'V is effectively
caged, and there is no distortion of the central Co0. tetrahedral
except that introduced by the electromic structure of the cobalt.

The interest in this complex has been in the high molecular
weight, high charge and extra-ordimary solubility in both aqueous
and varicus oxygenated organic solvents (such as ether, alcohols
and ketones). Moreover, the structure and stability of this
anion tends to render the tungstate group substitution inert. It
therefore represent an ideal complex for the study of outer-
sphere electron transfer redox reactions in solution. The metal
centre in the tungstocobaltate ion (unlike in many octahedral
Co'* complexes) 1is the oxidizing agent and is reduced

reversibly.
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FIG. 2-1 KEGGIN STRUCTURE OF THE 12- TUNGSTO-

COBALT (11I) ATE ION THE Co(lll) ION IS
SITUATED IN THE CENTRE OF THE TETRA-

HEDRON AND THE TUNGSTEN ATOMS ARE
SITUATED IN THE OCTAHEDRON CENTRES
EACH CORNER OF AN OCTAHEDRON REPRESENTS

AN OXYGEN ATOM
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In kinetic studies, Co'*'¥ is expected to behave as a one-
electron oxidant, which is free from complexities of other
cobalt(III) species, (Eberson, 1083)., Co**’¥ has been reported
to have oxidized many oxygen and nitrogen containing organic
compounds, (Billman et al, 1965; Olatunji and Ayoko, 1983; 1984;
1985; and Banerjee gt al., 1987).

The chemical reduction of Co**'V by both organic and
inorganic substrates has been the subject of recent studies,
(Banerjee gt al, 1988; 1990;Ayoko and Olatunji, 1983; 1984; 1085;
1990). The processes involve the reduction of tetrahedral
cobalt(III) ion with a ground state configuration of e®tz®(®E),
by electron to the low energy e orbital. The result is the

ground state tetrahedral cobalt(II) ion with the configuration

et (4Az),

The reduction of aromatic hydrocarbons by Co***V has been
reported, (Heiba et al, 1969) and the reaction was proposed to
bave occurred via an intermediate formation of aromatic radical
cation.

The oxidation of alkyl aromatic hydrogens by Co**'V reported
by Chester, (1970), proposed the outer-sphere formation of a
radical cation, in which the electron is removed from the
aromatic n system and conducted through the tungstate framework

of the Co*'® ionm.
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¥cAuley et al (1977) reported the stoichiometries for the
oxidation reactions of Co**'V with ascorbic acid, hydroquinone
and catechol to be 2:1 (oxidant reductant), in each case. The
outer-sphere mechanism consisting free radical intermediates was
proposed.

The kinetic studies of Co**'V with p-methoxytoluene (PNT),
(Eberson, 1983) reaction in acetic acid/water with added acetate
salt, showed a simple rate law with a 1:1 stoichiometry.

Ayoko and Olatunji, (1983), proposed outer-sphere pathway for
the oxidation of glutathione, L-cysteine, Mercaptoacetic acid and
Marcapto ethylamine by Co***V, with an inverse acid dependence
for glutathione, and an inverse second-order acid dependence for
L-cysteine and Marcaptoacetic acid.

In the oxidation of Butane-1,4- and pentane-1,5-diols by
Co***¥V <(Ayoko and Olatunji, 1985), the overall reaction was
reported to depend on the type of diol. The reduction of Co**'V
with these diols is an exceptional case in which the inner-sphere
mechanism was proposed for this caged complex. This is probably
due to the presence of hydroxyl group which act as a bridging
group.

The kinetics of Co***V by oxalate (pH 2.0-5.0) with a 2:1
oxidant/reductant ratio has been reported (Banerjee et al, 1986).
This was also the case with the oxidation reaction of formate

with Co***'V (Banerjee, gt al 1987).
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The kinetics of the oxidation of alicyclic cyclohexane,
aliphatic 2-butanone and substituted aliphatic 1,3-dihydroxy-2-
propanone (dhp), ketones have been investigated (Banerjee et al,
1988) and the outer-sphere mechanism which consists of enol and a
free radical intermediate was proposed.

The oxidation of citric acid to formic acid by Co**'V was
recently reported (Banerjee gt al, 1990). An oputer-sphere
mechanism was proposed, the rate law depending on the pature and

concentration of the cation present, with an inverse acid

dependence.

The oxidation of nitrous acid by Co***V¥ has been reported
(Olatunji and Ayocko, 1984), the rate was acid independent in the
range, [H"] = 0.1 - 1.0M and the outer-sphere mechanism was
proposed.

The outer-sphere mechanism was also proposed for the
oxidation reactions of Iodide and thiocyanate ions by Co***V
(Olatunji and Ayoko, 1984), with 1:1 stoichiometry. Anion
catalysis was observed for the iodide reactionm.

Ayoko and Olatunji, (1985) reported the reaction between
hydroxylammonium and Co***V with a simple second-order rate law.
The proposed mechanism involves free radical interaction with the

oxidant.
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Recently, the oxidation reaction of Hydrazine ion, and
Arsenous acids by Co®*!V were reported (Ayocke, 1990). The rate
law was second-order and an outer-sphere patbhway was postulated

for the reactions.

2.3 Complexes of Bipyridyl and Phenanthroline
The organic molecules 2,2'-bipyridyl (or a,a'-bypyridyl),

and 1,10-phenanthroline (or o-phenanthroline) are well known and
frequently used ligands. Their structures and the numbering of
their ring positions are shown in figure 2.2 (Emelens and Sharpe,
1969>. Throughout this review the abbreviation bipy and phen
will be adopted for these 1ligands and an analogous set of

abbreviations for their substituted derivatives.

Figure 2.2
4 3 3' LN ;
QQ 5. 3 ’
1 1’
(a) 2,2'-Bipy . (b) 1, 10-phen

In Figure 2.2a, 2,2'-bipy is presented as having a cis-planar
conformation as is usual in its complexes, the free ligand exists
in a trans-planar conformation in the solid state, as shown by x-

ray studies, (Merrit and Schroeder, 1956). Dipole moment studies
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show that the molecule is still transoid rather than cisoid in
benzene solution, but +that there now appears to be a net
interplanar angle of between 20° and 30°. In contrast, 1,10-phen
is rigidly beld in a cis conformation, and is almost always found
as a planar ligand. The dipole moment is therefore larger being
3.64D as compared to 0.69D for bipy in benzene at 25°C (Cumper
and Ginman 1962), and the stable monohydrate usually cbtained
exhibits solely intramolecular bhydrogen bonding between both
protons of the water molety and the ligand N-atoms.

Vith the exception of the mono-2,9-(methyl)phen complex of
Cu(II) where steric factors are important, variation in the
dimensions of first-row transition-metal complexes on changing
the metal ion, ligands or the coordination number of the metal
are not marked.

Bipy and phen behave as weak bases, usually farming
monoprotonated species. There are few reported data for the
rates of electron transfer of large complexes of these ligands,
However, because of their convenient analytical properties, bipy
and phen complexes have received much attention in their

oxidation-reduction reactioms.

2.4 Reduction of Fe(L-L)a™" complexes
(L-L = 2,2'-bipy or 1, 10-phen),

Fe(LL)s®* complexee have been extensively investigated as

outer-sphere redox reactants with several inorganic metal ions
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and complexes (Fordsmith and Sutin 1961; Ealpern, Legare and
Lvmry, 1963; Dulz and Sutin, 1863; GSbakhashari and Gordon 1969;
Keeton and Sykes 1972, Ng and Henry, 1975). Mentasti and
Pelizzetti (1977) have also investigated the kinetics of the
oxidation of many substituted quinols, using a series of tris-
phen complexes. Other works include organic systems such as
benzene-1,2-diols (catechols), benzene-1,4-diols (quzincle) and
biphenyl-4,4'-diol using these oxidants. <(Pelizzetti, Hentasti
and Gurauchi, 1975, Pelzzetti and Balocchi, 1976, Pelizzetti and
Mentasti, 1976; Pelizzetti, Nentasti and Saini, 1976). In all
cases, the reactions were found to occur by the outer-sphere
mechanism. Ligand substitution do not occur rapidly in thesse
oxidants, (Shakhashare and Gordon, 18606; Burgess and Prince,
1963), It is therefore likely that they react via the outer
sphere activated complex in their reactions with the organic
substrates. Thus, Marcus theory (Marcus, 1968; Reynolds and
Lumry, 1966) should be applicable.

The rate constants for the reduction of several complexes in
perchloric and sulphuric acid media have been measured (Gordon,
Villiams and Sutin, 1961>. The log of the rate constant or aG*
was observed to vary with the oxidation-reduction potential, or
aG®, of the complex ion, which was interpreted as showing that
Marcus theory may be applied. The Ag(II) data were also
consistent if their oxidation-reduction potentials are of the

order of -1.4 volts. A similar variation of kinetics with
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thermodynamic parameters was found for the ferrous ion reduction
of various substituted Fe(lII) complexes (Ford-Smith and Sutin,
1961). In a comparison of this reaction with other Iron(ID)
oxidation, the existence of a linear relationship between the
free energy of activation and the standard free energy changes of
the reaction was observed. It was found that rate constant
determined for the oxidation of Iron(II) by 2,2'-bipy complex of
Iron(11I> did not satisiy the linear relationship found for the
phenanthroline complexes, (Gordon, Villiams and Sutin, 19612,
The oxidation, of Fe(Il), a reducing agent of intermediate
strength (Birk, 1973), by Fe(phen)s®* proceeds in a single step.
Grammer gt al (1974) in their work found unusual activation
paranmeters when Fe(HzO)* was oxidized by Irom (I1I) polypyridine
or Ru(lll)polypyridine complexes (Braddock and Meyer, 1973).

There reactions could be represented as,

Fe(Hz0)e2* + N(I1I) ----—- > Fe(E20}>* + MCID) ..... 2.1

(X = Iron or Ruthenuim polypyridine complex)
were necessarily outer-sphere, at least in the sense that a
mechanism involving a ligand bridge between normal coordination
positions of both reacting ioms, can be ruled out. PBoth M(III)
complexes are substitution inert on the time scale for electron
transfer. Negative AH" values for the oxidation of Fe(Hz0)65* by
Ru(III) polypyridine complexes led to the suggesticn that

reactions occur by a "non-Marcus path, which includes at least
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one distinctive feature not considered in the Marcus wmodel for
outer-sphere electron transfer, {(Braddock and Meyer 1873) and
since the reported activation parameters for the Fe(lll)
reactions were similar to those of Ru(lll) reactiomns, they occur
by the same non-Marcus" path.

In many electron *transfer reactions, aggreement between
cbserved and calculated rates have been obtained using the Marcus
free energy correlation (Marcus, 19¢6; Earley, 1970; Linck, 1971;
Reynolds and Lumry, 1966; Sutin, 1972). For some redox reactions
(Meyer and Taube, 1968) the Marcus model appears to account
satisfactorily for the mechanistic details of the activation
process. However, the agreement does not extend to the oxidation
of Fe(Hz0)*~ by the Iron(IIl) and Ru(III)-polypyridine complexes
(Braddock and Meyer, 1973; Dulz and Sutin, 1963).

The oxidation of Fe(H200e® by the Fe(lll)- and Ru(lll}
polypyridine complexes appears to occur by a distinct path,
characterized by the negative or small positive AH* values, It
may therefore be possible by experimental means to identify a
series of paths for outer-sphere electron tramsier which differ
in detail from the normal Marcus-Hush path. Similar "non-Marcus
paths bave been reported by Lavalle gt al (1873) in the oxidation
of Np(III) by Ru(NH3)®* and Ru(NH3)sHz20®"", Thus, Rillema and
Enclicott (1972) have inferred that certain key factors which
make major contributions to such reactlons are not considered in

current theoretical models of cuter-sphere electron transfer.
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The full mechanistic details of a "non-¥arcus" path are not
clear. However, the oxidation of Fe(Hz0)e®* by Fe(IID)polypyri-
dine complexes has been studied in detail by Sutin and co-
workers. From their work, certain facturs are known which allow
inferences to be drawn. These are;

(1) The pattern of activation parameters:-

Negative or small positive AH" values, large negative aS*
values 1is paralled by the thermodynamic parameters for the
overall reactions. For

Fe (H20)2* + Fe(bipy)s® —-—--> Pe(H.0e™* + Fe(hipy)2* ...2.2
8H: 2 = -23kcal/mol; AS®... = -47eu, (George, Hananla and Irovine,
1959).

(i1) Ford-Smith and Sutin (1961) found nco evidence for specific
steric effects in the reactions of the 5,6- and 3,4,76-methyl
substituted Iron(III) phen complexes with Fe(Hz0)}F*. The absence
of these effects led them to suggest that in the activated
complex for electron transfer, Fe(H:0)s®* is located in the space
between phen groups, rather than at the periphery of a phen
group.

(111> In other solution reactions, where negative AH®™ (or Ea)
valves have been observed, Mechanisms have been involved in which
enthalpically favourable pre-equilibrium exist (Patal gt al,
1970; Pignataro gt al 1970; Vernmer gt al, 1971>. For the
reactions considered by Crammer and Meyer (1974), an equilibrium

invioving ion-pair formation between the reacting ions must
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exlst. BElectrom transfer presumably follows ion-pair formationm,

e.8
K

Fe(Hz0)&** + Fe(phen)s®* Fe(Hz0)e®".Fe(phen)a®** .... 2.3
k

Fe (Hz0)¢**, Fe (phen) ™" -—=-=~ > Fe(Hz0)6"" + Fe(phen)s=* .... 2.4

For reactions involving unlike charged ions, direct evidence has
teen obtained that ion-pair formation preceeds electron transfer.
Hemmers (1872) has calculated that ion-pairing between large
cations can be thermodynamically favourable. From attempts to
observe ion-pairing between Co(Hz0)e®* and Ru(bipy)s®* spectroph-
otosetrically it was concluded that X < 0.5 (Braddock and Meyer,
1973, Ton-pairing preceding electron traansfer could make a
negative contribuvtion to the observed enthalpy of activation
(4z2lpern, Legare and Lumry, 1963).

In media of bigh ionic strength electrostatic effects are
small and expected to meke 2 minour contribution (Reynolds and
Lumry, 19€6), However, non-electrostatic effects may be
important, such effecte might include charge f{luctuation forces
or the effect of solvent structure which has been suggested to
enhance lon-pairing when both ions are large (Diamond, 1963).
The existence of important non-electrostatic effects could also
explain Lhe poor agreement obtained. Marcus (1963) has suggested
that this result may be due to a failure of non-electrostatic
terms to cancel in the work done in bringing the reactants

together.
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(iv) The reactions between Fe(Hz0)s?* and the Fe(III)Polypyridine
complexes show uﬁrang specific anion effects (Bufin and Farmann,
1971). The spacifi? anion effects for anions 1:!- BCH- or ¥o~
may arise as a cnns.qunnce of prequilibria involving complex ion
formation e.g. FeNCS*, however, with other aniomns, like Cl0.-,
energetically favourable ion-pairing with the polypyridine
complex may be an important part of the overall electron transfer
reaction.

There is no specific pattern of acid dependence in the redox
reactions of these Fe(III)polypyridine complexes. In the reaction
of Fe(phen)s™" and thiocyanate (Ng and Benry, 1975), the value of
kobwas was found to decrease with increasing [H*]. This acid
inhibition is consistent with protonation of SCE~ to give an
inactive HSCN species. The substituted tris (1,10-phen)
complexes gave a similar kinetic behaviour.

In the oxidation of several substituted quinols by a series
of +tris phenanthroline-Iron(III) complexes (Mentasti and
Pelizzetti, 1977) the reactions were found to be independent of
acidity. Akinyugha gt al (1978) have shown that in the reduction
of Fe(phen)s®* by titanium(III) in aqueous solution, the reaction
was second order, first order in both reactants. The dependence

of the second order rate constant, koo on [H*] was given as

1/koee = a + bBIH*) iseseras 8D
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The magnitude of a and b, however, do not indicate precursor
complex formation. Observed catalytic effects ;f added anions
and calculations based on the ¥Marcus theory suggest that the
reaction occurs by the outer-shpere mechanism,

The reactions of these oxidants are usuvally second order,
first-order in both reactants. There are however, cases where
the reaction might be second order in reactant and first order in
oxidant giving overall third-order (Ng and Henry, 1975). The
rate constant was shown to vary linearly with the reduction
potential of the complexes. This indicates a direct dependence
of the standard free energy of the reaction on the free energy of
activation (Ford-Smith and Sutin, 1961). Redox reactions of
substituted inert polypyridine complexes of Iron(1I) or (IID
have been employed in most cases to investigate linear free
energy relations in redox reactions (Irvipne, 1959; Sutin and
Gordon, 1961; Ford-Smith and Sutin, 1061; Dulz and Sutin, 1963;
Campain, Purdie and Sutin, 1964; Braddock and Meyer, 1973;
Crammer and Meyer, 1974; Braddock, Crammer and Meyer, 1975),
which usually occur by the outer-sphere mechanism. However,
Davies and Earley (1976) have found, using the oxidation of
various polycyclic amino acid Cr(ll) complexes by Cr(NHs)sCl=*,
that such 1linear free energy relationship also exist for
reactions of the inner-sphere mechanism and surprisingly did

obtain 0.5 as the AG* VsaG® plots. The dependence of AG* (the

free energy of activation for the redox reaction) on AG® (the
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standard free energy of reaction) has been given a semi-
theoretical treatment by Marcus and Sutin, (1963; 1973) and also
in a less elaborate manner independently by Newton (1968) and
Earley et al (1976). The predicted linearity of such plot and
the slope of 0.5 are a consequence of the assumptions that are
inherent in these semi-theoretical +treatment and these
assumptions are essentially equivalent in all the above
treatment.

The kinetic data for the oxidation of ascorbic acid by one
electron acceptor complexes of Fe(III) and other tramsition
metals have been reported (Pelizzetti eif al, 1978). The data
suggested that two paths, involving the undissociated or mono
anionic substrates were operative. The rate constants were
discussed in terms of Marcus theory and an electron-transfer
mechanism has been suggested,

Apart from Irvine's (1959) work and the oxidation of ascorbic
acid (Pelizzetti, Mentasti and Pramaure, 1976, 1978) by these
Iron III complexes and IrCls®" redox reactions that have been
subjected to this free energy correlation are characterized by,
possession of the thermodynamically favourable rate-controlling
electron-transfer steps, and transfer of an equal number of
electrons (in most cases an electron) between reactants to form
final products.

In the study of Fe(LL)3®* (LL = 1,10-phen or 2,2'-bipy) with

iodide, the outer-sphere mechanism was proposed based on
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favourable correlation withk Marcus equation for cross reactionms,
(Adegite and Lda@hnsouo. 1979).

In the reaction of Fe(phen)s®* with iodide Ige et al., (1979)
showed that this exhibit strictly second-order behaviour over a
very large concentration range and thus obtained the following
rate law:

d( Fe (phen)a™*]
T e e = k[ Fe (phen)s®*1(1-1 ....... 2.6

They postulated the outer-sphere mechanism based on the relative
inertness of the oxidant and supported by the observed catalysis
of reaction by added chloride and bromide ions. The reaction was
independent of [H*]. It is interesting to note that the rate law
is of a2 simple form. In contrast, complicated rate laws have
been obtained in the reduction of aquo Iroa(III) (Sykes, 1952)
and Ferric Cyanide ions (Indelli et al, 1964; Majid et al, 1968)
by the same reductant, and inhibition by added Cl~ and Br-
(Sykes, 1952) was alsoc observed in the case of aquo Irom <(IID
reaction. These results have been attributed to inner-sphere
complex formation between the oxidant and the added halide ion in
the primary step, with FeX®" being 1less reactive than
agquolron(IID).

The reduction of these Fe(III) polypyridine complexes by OH™
ions has been reported (Nord and Vernberg, 1972). The

stoichiometry was found to be 1:1, (eq. ...2.7)
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4 Fe(LL)3>®" + 40H~ ~----> 4Fe(LL)a®* + Oz + 2H20 .... 2.7

where LL = 2,2'-bipy, or 1,10-phen. The Fe(II) products were
reoxidized slowly and observed by the use of oxygen electrode.
Schmid et al (1977) have investigated the oxidation of Iron(II)
complexes in acetonitrile, with Fe(bipy)s®™ and hexakis-(N, N-
DMF). They proposed the outer-sphere reduction of Fe(phen)s®* by
Fe(DMF)s2®* in MeCHN with both salts added as the perchlorates and
a reaction order of three with respect to the reductant at
constant ionic stremgth.

In the report of the reduction of Iron(I11) phen complexes by
aquo Iron (II) (Schmid and Han, 1983). It has been shown that,
the reduction of Fe(phen)s®" by Fe®* aq occurs via an inner-
sphere path mediated by water molecules coordinated at the carbon
atom adjacent to the ring nitrogen of the phen-ligands. Vater
thus, acts as a catalyst. The mechanism proposed included acid

dependence, substitutents and activation parameters.

2.3 (Oxidation reactions of complexones
The aminopolycarboxylic acids are excellent complexing

agents and are often referred to as complexones. These include
ethylenediaminethetraacetic acid. Hydroxyethylenediaminetriace-
tic acid and Nitrilotriacetic acid, for convenience, the
abbreviations EDTA, HEDTA and NTA respectively will be utilized

in this investigation.
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Their actual structures (Vogel, 1978) are shown below.

(a) HOC-CB2 CH2C02~
- -caa-cn:.~<
-02C- CH=CO=H
(EDTA>

(b HO:C-CK /B:CO:H
c/*CH:-CH:a—I\
HO=C~ CH2CH208

(HEDTA)

(c) -COzH

B-§-Cia-coo-
Ha-CO2H (NTA)

Very few redox reactions seem to have been investigated with
complexones. The kinetic investigations intp the mechanisms and
activity patterns of redox reactions involving complexones have
been reported in most cases, in the form of metal-complexone

being oxidized.
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The reduction of lodine by Fe**-EDTA was foynd to be first-
order with respeét to Iodine and Fe'*-EDTA and was also directly
proportional to the EDTA concentration. The rate was inversely
proportional to the fourth power of [H*], and the ionic strength,
but directly proportional to dieletric constant of the medium,
{(Varm, Srivastara and Saxena, 1975). Kasim and Sulfab, (1977,

reported a rate law;

kK, [ CoEDTA2~1[L"]
Rate =  -———— = P R 14 -
1 +K,L"]

where ks = rate constant for the electron transfer process

K: = Pre-equilibrium formation constant

[L”] = total Periodate concentration, for the kinetics of
CoEDTA®~ by periodate.
An intermediate was identified which slowly formed hexadentate
CoEDTA™, The stoichiometry was 2:1 complex: ligand, and the
inper-sphere mechanism was proposed, The evidence being the
formation of an initial Co®”’ product, other than the hexadentate
CoEDTA~ which undergves a slow ring closure.

In the reduction of Neptunium (VI) with diS .odium ethylenedi-

aminetetraacetic acid (Shastri and Amis, 1968), 1t was observed
that 6émoles of Np(VI) was reduced by lmole of EDPTA. The reaction

was the second-order type, first-order in each reactants, with a
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fractional-order with respect to [H*]. The following mechanism

L1

was proposed: e
¥pO02** + EDTA + HaD ----- > NpO=2(OH>EDTA* + H* ..... 2.9
Np022+ + EDTA + 2Hz0 ~~~--> KpO2(OH)zEDTA + 2H* ,... 2.10

fast
10§p0=22+ + NpOz2 (CH)EDTA* ---> NpO=z(OH)2EDTA ----)> Products ..2.11

It is assumed that at the concentration of HC10« acid used,
the EDTA is in the form of the slightly ionized acid. The
fractional dependence upon the [H*] probably arises from
simultaneous reactions of the equations 2.9 and 2.10 in the
proposed mechanism above, which are about equally influential in
contrplling the rate, Formation of the initial complex between
¥p0z2* ion and the EDTA is supported by the observed colour
changes which take place during the reactionm.

Varadarajan and Hossian, (1979), did a comparative study of
the oxidation of EDTA and HEDTA by aquocobaltic ions in
perchlorate media. A comparison of oxidation rates of HEDTA and
EDTA were presented over a wide range of acidities at different
ionic strength. The rates varied inversely with acidity from
1.0 to 5.0 at I = 5.0 (I = ionic strength) and directly with
acidity from 5.0M to 7.0M at I = 7,0M. The stoichiometries were
determined as functions of acidity and time, It was cbserved
that the number of moles of Co**' consumed per mole of EDTA and

HEDTA varied respectively with these functioms.
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The cbservation of a decorboxylation was indicative of a 1:1
complex formntioﬁ. The products were COz, formaldehyde, glycine,
ethylenediamine-N, N-diacetic acid and ethylenediamine.

Jdentical mechanisms were proposed for the two substirates at
the two acidity ranges, based on their comparable rate constants
and the similarities in their stoichiometries and oxidation

products,
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3.1 5 Experimental

3.1 ¥aterials and Reagents

All reagents and solvents were used without further

purification and solutions were prepared with distilled water.

3.1.1 Preparation of potassium 12-tungstocobaltate Anions

Potassium salt of 12-tungstocobaltate(III) anion,
(Co*" ™"V, 2040)%", was prepared by the method of Baker and
McCutcheon (1956), either by its oxidation with persulphate or by
the electrolysis of the (Co**V¥,2040)%~ anion and characterized
for purity by its uv-visible spectra (Amjad, Brodooitch and
McAuley, 1977).

The stock solution of Co'*'V was standardized using a
spectrophotometric titration, carried out with a standard
solutions of ferrous mmonium sulphate which quantitatively
reduced Co'*'¥ to Co*'V. The ferrous ammonium sulphate was
standardised by spectrophotometric titration against Ce(IV)

solution.

3.1.2 Preparation of Fe(L-L)a®* and Fe(L-1)a®* complexes

— = L
Either the respective Iron Il complex or the ligands were

obtained commercially (G.F. Smith), 1In the latter case, the
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Iron(Il) complex was prepared by adding an equivalent amount of
the npprnprinta’iignnd to a solution of ferrous sulpbhate. The
perchlorate of the Irom (I1) complex was precipitated by adding
sodium perchlorate.

The Iron(Il!l) complexes were generated in aqueous acidic
solution by oxidation of the 1ron(II) complexes using PbOaz.
Solutions of the Iron(III) complexes thus prepared in conc.
HC10«, characterized by their blue colouration were stored in the
refrigerator and aliquote taken Iimmediately prior to kinpetic
runs, Uv-visible spectra of the complexes exhibited lmax values
in good agreement with those reported in literature.

The conceatrations of the Fe(L-L)s®" solutions so formed,
vere determined spectrophotomeirically by using literature values

of dmax and extinction coefficient as given below.

Iron(I1l) complexes

Compl ex Amax mu Mpolar extinction Reference
Coefficient

Fe (5-NOz-phen)s®™ 590 + 5 950cn™/mol a, b

Fe(bipyl)s™* 617 + 5 320cx™/mol b

a = Brandt and Gullstron (1952)

b = Moss, Mellon and Smith (1942)
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It was found that the solutions in the councentrated acids
were relatively stable while those in dilute acids decomposed
fairly rapidly, however, the decomposition of the cowplexes were
generally of the order 5-10% during a series of six runs (Ford-
Smith and Sutin, 1961).

The amount of acid in each of the complex solutions was
determined by volumetric titration against NazBsO».10H20 with

methyl crange as indicator.

3.1.3 Preparation of 0,1X solution of complexones

A known equivalent weight of each of tbe complexones (A.R)
was accurately weighed and dissolved in distilled water in
appropriate volumetric flasks (filled to the mark) to give 0.1X
solutions (Vogel, 1978), In all cases except for HEDTA, the

disodium salt of the complexones were used.

3.1.4 Preparation of 0.1X Nz2Ba0z. 10H20 Solution

(Primary standard)
3.746g of XazBa0,.10HzC (B.D.H Analar) was occurately
weighed and dissolved in 1000cn® volumetric flask and made to the

mark with distilled water to give a 0.1X solution, (Vogel, 1978).

3.1.5 Preparation of standard perchloric acid solution
A stock solution (about 5.0M) of HClO« was prepared from

concentrated HCl10. (B.D.H Apalar). A diluted portion of the
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stock solution was then titrated against 0.1M K§azB.0».10H20
solution using Iéthyl orange as indicator. The ¢oncentration of

the HC10a4 was calcuvlated according to equation (3.1),

Bi0>® + ZB* + Bl -———= > 4H3BOs + ....... 3.1

3.1.6 Preparation of standard NaClQs sclution
A known weight of HaClOs (B.D.H, G.P.R) was dissolved in

distilled water to prepare 2 stock solution of abeout 5.0M. The
solution was standardized gravimetrically by evaporating +to
dryness, 2.0cm® porticns of tke stock solution in preweighed
bottles at 120°C and cooled Iin a dessicator until constant
weights were obtainped. The actual concentration was then

calculated from the residuval weight obtained.

3.1.7 Gicichiometry studlies

The stoichionmetry of the reactions were determined by
spectrophotometric titration. In eack case, the concentration of
the oxidant, [Co'*'¥), was kept constant while +that of the
reductant (complexone) was varied. ([Co**'W] = 2.0 x 1074K,
[ Reductant]l = (0,20 - 20.0) x 1074M, [H*) = 0.50M and I = 2.0X
(FaCl04) for all systems. The reactions were allowed to stand
for 96 hours at 25.0 + 0.1°C, and the absorbance of the solutiomns
were measured at 400nm (¢ = 1180 % 20X 'cm™ ') using the corning

253 colorimeter.
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stock eclution was then titrated against 0.1X Ka2Ba0-.10Hz20
solution using methyl orange as indicator. The ¢oncentration of

the HC104 was calculated according to equaticm (3.1),

B4O»*~ + 2H* + SH20 -----=> 4H3BOs + ....... 3.1

3.1.6 Preparation of standard ¥aClO. sclution

A known weight of WeClOa (B.D.H, G.P.R) was dissolved in
distilled water to prepare a stock solution of about 5.0M. The
solution was standardized gravimetrically by evaporating to
dryness, 2.0cw® porticns of tke stock solution in preweighed
bottles at 120°C and cooled in a dessicator until constant
weights were obtained. The actual concentration was then

calculated from the residuval weight obtained.

3.1.7 Steichiometry studles

The stoichiometry of the reactions were determined by
spectrophotometric titration. 1Ir esack case, the concentration of
the oxidarnt, [Co'''W), was kept constant while +hat of the
reductant (complexone} was wvaried. [Co**'W! = 2.0 x 1074N,
[Reductant]l] = (0.20 - 20.0) x 10~+M, [H*) = 0.50M and I = 2.0X
{FaCl04) for all systems., The reactions were allowed to stand
for 96 hours at 25.0 % 0.1<C, and the absorbance of the solutions
were measured at 400nm (¢ = 1180 % 20 'cm™') using the corning

253 colorimeter.
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For the complexes, Fe(L-L)3®*, the stoichiometries could not
be carried out ;iithout doubts, since the complexes decompose

after a long time. Thus, their stoichiometries were assumed.

3.1.8 Free radical test

Polymerization studies were conducted to investigate the
presence of free radicals in the reaction mixtures. Each set of
experiment was carried out at I = 2.0 (KaClO4) and T = 25.0 %
0.1°C, 5.0cm® of 10% (w/v) acrylamide was added to partially
reduced reaction mixture, and total volume was adjusted to 10cm®
with distilled water, Methanol was then added in excess. No gel

formation was observed in each case.

3.1.9 Spectra Measurements

These measurements were undertaken to determine whether an
intermediate complex was formed between the oxidants and the
substrates, Solutions of the reactants were mixed and their
absorbance noted at a preset wavelength on the corning 253
colorimeter.

The process was repeated for different wavelengths, Similar
measurements were made for the solution of each of the oxidants

alone.
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3.1.10 Kinetic studies

The kinetics of the reaction was studied on a corning
colorimeter 253, by monitoring the decrease in absorbance of
Co®**V¥, Fe(bipy)s®* and Fe (5-NO.-phen)s®* (at 400nm, 620nm and
595nm respectively) as a function of time. All kinetic
measurements were carried out under pseudo-first order conditions
with each of the reductant concentrations in excess of at least
100 folds over those of the complexes (oxidants) at T = 25.0 %

0.1=C, I = 2.0X (FaClO.), unless otherwise stated.

3.1.11 Product Analysis

The natures of the primary products were determined by
spectrophotometric measurements by their absorption
characteristic maxima at 625nm, 522nm and 510nm for Co!'V,
Fe(bipy)a®* and Fe (5-NOz-phen) 52+ respectively (Figures 4.34 -
4.36). Formaldehyde was tested for, from a portion of the
neutralized reaction mixtures using Tollen's reagent and

Fehling's reagents.
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The results of the stoichiometry studies determined from
the titration curves presented in figures 4.1-4.3, were
consistent with two moles of the oxidants being consumed by one
mole of the reductant in each case. The 2:1 (oxidant:reductant)
stoichiometries were assumed for the reactions between Fe(LL)s™*
and the reductant (LL = 2,2'-bipy or 5-NOz-phen), the complexes
being one electron oxidant like Co™''V.

On the basis of the stoichiometries determined, the overall

reaction can be represented by equations 4.1 and 4.2.

2C0*33Y ¥ JaY swmr—nan > 2C0%*'W + CO2 + i vuves , 4.1
2Fe(LL)3®* + HnY ————- > 2Fe(LL)s** + COz + ..., 4.2

where H.Y = HEDTA, EDTA or NTA

4.2 Determipation of order with respect to reactants

Pseudo-first order plots of log(At-A®) versus time were
linear for more than 70% to 80% of the reactions. The linearity
of these plots indicate that the reactions are first-order with
respect to [oxidant] in each case, (At and A® are absorbances of

the complex at time 't' and the end of the reaction
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respectively)., Typical plots are shown in figures 4.4-4.6 from
the slopes of such plots the pseudo-first urdar'rate constants
kovws were obtained,

The plots of logkeows versus loglH.Y) gave slopes of 0.99 %
0.05, (figures 4.7-4.9 are typical examples of such plots),
showing the reactions to be first order in [H.Y]. The second-
order rate constants ki, were determined from keves as
Kowea/[HnY) and reported in tables 4.1-4.90. In view of the
reported stoichiometries at constant (H.), the rate law for the

reactions may be represented by equations 4.3 and 4.4.

df Co**tV)
= ==———--—== = 2Ka{COTFIVI[HAY) ........ 4.3
dt
dl Fe (LL)5*)
= = 2kaf Fe (LLPL B Y)
dt

4.3 The influence of [H*) pn the rates of reaction

The effect of [H*) on the rates of the reactions between the
oxidants (Co*™**V and Fe(LL)>™*) and reductants were investigated
by determining the rate constants in the acid range of 0.2-1.60X,
T=25.0%0.1°C, I = 2,0 NaCl0«. The rate constants were found
to be inversely dependent on the [H*) for all the reactions
(figures 4.13-4.15). Values of the acid-dependent rate constants
are presented in Tables 4.1-4.9.

The plot of kv versus [H*]1-' were linear with no significant

intercepts, typical examples are shown by figures (4.16-4,18),
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therefore, the acid dependent rate constants can be represented
by equation (4.5).

X w MUETY=Y  ciaans e sieaied deea 4.5

and the overall rate equations can be written as

- dlCo**'V]
---------- = bl H*]1 ' [Co** V][ H,Y] vieens 8.6
dt
- d[Fe(LL)s™*
------------ = b{H")'[Fe(LL)3®*}[HnY]) ..... 4.7

At T = 26.0 = 0.1°C and 1 = 2,0X KaClOa4, the values of 'b' are
given as follows; 8.80 x 10-“Ms~', 7.5 x 10~ and 4.20 x 10~* for
the reaction of Co***V with HEDTA, EDTA and NTA respectively;
1.69 x 107“Ms™', 1.08Ms~' and 0.28Ns~' for the reactions between
Fe(bipy)s®* and HEDTA, EDTA and NTA respectively; and 1.01 x 10~
“Ms~', 1.90 x 1074Ms~' and 0.19Ms~' for the reactions of Fe(5-

NO=-phen)a®* with HEDTA, EDTA and NTA respectively.

4.4

The effect of ionic strength on the rates of the reactioms
was investigated in the ranges I = 0.60 - 1.00X and 1.00 - 2,00K
for the Co***-H.Y and Fe(LL)s®*-H.Y reactions respectively. At
25.0 = 0.1°C, constant [H*], the rate constants were found to be
dependent on I (I = jonic stremgth). Values of the dependent

rate constants are presented in tables (4.1-4.9),
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The effect of ions on the rate constant of reactions
involving two reactants with charges Za and Ze are related by the

following equation (Bronsted, 1922).

logk = logke + 2aZaZeI®™ .............. 4.8
k = the rate constant of the reaction,
ke = hypothetical rate constant in a medium of infinite

dielectric constant
= jonic strength

0.50 at 25-<C.

2
"

This equation has been used to correlate salt effects with
the rate constants for reactions involving ioms: thus, plots of
logk versus I* should be linear with slope ZaZe (at 25°C when t2=
= 1) and intercepts values of logk. (Bronsted, 1922), The
equation predicts a positive salt effect (i.e an increasing rate
constant with increasing concentration) when reactants have
charges of the same sign and a negative salt effect when charges
are of opposite sign (Bronsted, 1922), In the present work,
linear plots of logkcreas versus I™ were obtained figures (4.22-

4.24),

4.5 Activation parameters for the reactions

The energies of activation were obtained from the slopes of
the plots of logkores versus 1/T and logky versus 1/T figures

(4.19-4,21) from which other activation parameters were
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calculated. This was determined by carrying out the reactions at
four temperatures (i.e 25.0, 30.0, 35.0 and 40.0) % 0.1°C. Vhere
kowea 15 the temperature dependent rate constant and ka is the
rate constant at varied [H*], obtained as the slopes of the plots
of kowwa versus [H*]-' at each temperature, (figures 4.25-4.27).
Tables 4.10 'a' and 'bd' display the wvalues of the activation

parameters, calculated using Arrhenius relationship.

4.6 Nichaelis-Nenten plot

The least square analysis of plote of 1/keues versus [H,Y1™
were linear with zero intercepts and are shown in figures (4.25-
4.27).

From Michaelis-Menten reaction scheme involving a catalyst

(e.g an enzymes), the rate is given as

dp

- = KovwalBa) ...i.. 4.9

dt

k2 [S)
wWith Kcbea = —==——=——— ... ... 4,10
Ko + 8]
K 1
1/kcbma = 1/k, + (====)=—"= ... 4.11
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rate constant for the overall reacticn

where, Korma

[E*] = Total catalyst concentration

Kw = Michazelis-Menten constant

k, = rate constant for the break up of an active inter-
B 'nﬁdiﬁ£a into products.

B = substrate (S = H.Y above),

plot of 1/kones versus 1/0(8) gives 1/k: as intercept. The zero
intercepts, therefore, suggest the absence of intermediate
complex farmation in the reactions.

4.7 Spectra Xeasurapenis

The result of the specirophotomweiric measurements displayed

in figures {(£.31-4.33) show that there is no clear shift in imax
of the oxidant on addition of the substirates. Since no shift in
Avms Was Observed in the present investigations, the formation of
intermediate complexes with the oxidants has elther to be ruled
put or the equilibrium constant for the formation of such
complexes nust be very small.
4.8 FProduct Apalysis

The spectra of the primary products are shown in (figures
4.34-4.36). Carbondioxide was also one of the products in all
the reactions as sufficient effervescence ocecurred when
concentrated sclutions of the reductants were reacted with axcess
_Pxidnpt solutions. Formaldehyds was expected as a product but
cﬁuld not be detected. This could be due to its oxidation by the

oxidants, since its formetion is very slow and could only be

detected after a prolonged oxidation by the complexones.
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