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ABSTRACT
The kinetice and mechanisms of the oxidation-reducticn
'
reactions of diaquotetrakis(2,2'-bipyridine)-p-oxo-diruthenium
(I11) (RuORu<*), with Br0sz~, I04~ and S0z~ have baen studied 1ia
aquecus perchloric acid (BC10.) solution., At 24.0 % 1.0=GC, I =
1.00 (¥aClDa) for BrOs and 104~ and I = 2.0M (NaClOa) for Sla=—

. the reaction is first order in both the oxidant and reductant

for all the systems with the follawing empirical rate law;

=d[ RuORu=*]

= ¥=i RuORu“*11{ I0n""1
dt

(m=3 n=1,2, X=58r, 8)

(m=4, n=1, I =1}
X2 (BrOs~) = (8.28 £ 1.56) x 10~2M's—' at [H*] = 0.01K
k2 (I0.~) = 0.41 + 1.20K's~) at TH*] = 0.10X
k2 (S022~) = (1.34 + 0.21) x 10-°K-'g~’ pt (H*] = 0.05K

The rates of the redox reactions strongly depend on acld
concentrations and the kinetic data are consistent with the

following equation;

=d{ RuORu4+]
m—mme—emee== = {a + OLHI*}L RUORUS* ][ Z00"]
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z = 2,1 and -1 for BrOs™, I0.~ and 802~ respectively.

The rates of the BrO»~ and 80s*~ systews are enhanced while
the rate of 10~ aysfem ls inhibited in the presence of CHaCOO-,
© HCOO0~, N0z~ and NG=~ lons. The experimental resvlts obtained
for the reaciions between RuDRu4* and BrD>~ and JD.~ are in
favour of the outer sphere mechanism and this machanism has been
proposed for sach of the two systems.

However, 1in the RuURu*'-8Cz" systewm, the experimental
evidence suggests the nccurence of both lmmer- and nuter—sphere
machanisns. The shift in hmax and the intercept obtained irom
Kichaelis—Nenten piot for the S0*~ systenm account for the inner
sphere path while the outer sphere mechanism is supported by the
anior catalysls., Therefore two reaction schemes are proposed to

accomodate both mechanisms,
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Chapter 1

1.0 INTRODUCTION

Oxidation - reduction reactions of metal lons 1n solution
bave been extensively studied for the 1mportant role they play
in chemical, biochemical and technological processes (Iyun,
1982). Detalled knowledge of these electron tramsfer processes
will continue to aid the understanding, development and
effective control of a wide area of science and techmology. The
extensive investigations into the redox systems have been made
possible by the use of radio~isotopes and the development of a
wide range of techniques for monitoring the rate of electron
transfer, as evident from the large number of reviews (Bykes,
1966, 1967; Rosseinskey, 1972; Vilkins, 1974; Burgess, 1678},
The range of these techniques now vary f£from conventional
spectrophotometric methods, for slow reactions (tw = ga 30
seconds) to continuous and stopped-flow methods for fast
reacicns {(tw = millisecpnds)}. These methods have been
exhaustively reviewed ([Stranks, 1%60; Caldin, 1974; V¥ilkirs,

1974], and only a summary is presented below.

1.1 ZXate nonitoring techniques

1.1.1 Conventiopal metbods
The conventional methods which include photometric,
spectrometric, polarometiric and radiometiric techniques, involve

measuring,as a function of time, the concentration of one or
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more of the reactants or products or any physical propertiy such
as absorbance whick is directly related tc the concentration

{Wilkins, 19741,

1.1.2 Techpiques for monitoring the rates of fast reactions

Flow methods

Different flow techniques exlst, depending on the treatment
glven to the reaction after mixing (Caldin, 1964]1. In quenched
flow method, the reactlon solution 18 quenched after a
predetermined time and the quenched solutica 1g analysed by any
conventipnal mwethod, while in the continupus—flow method, the
reaction solutior is allowed to flow continucusly along an
observation tube, as the changes in the reaction mixture is
monitored at different poirnts along the tube or at a fixed point
on the tube.

In the case of stopped-flow, the solutions are forced
together through a mixing device and as the mixed solution flows
along a tube, it is abruptly stopped so that the solution comes
to rest within a few milliseconds. The rate of flow along the
observation tube 1s such that when the selution 1is stopped, 2
segment within lcm of the mixing device has been mixed for only
1-2 milliseconds. Any reaction taking place in this segment of
svlution is ther monltored and the signal 1s relayed to an
oscilloscope.

Relaxation meihads
These methods are usually applied to reversible reactions

with half-lives (tw) as short as 10~” sec [Eigen 2nd de Nazeyer,
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1963]. The observed equilibrium is perturbed by rapid variation
of a physical parameter such as temperature, pressure or
electric field intensity ard the time taken to readjust to a new
equilibrium position is monitored, which i1s then related to the
rate constants of the forward and backward reactions. The
dependence of a particular equilibrium on & chosen externail
physical parameter largely determines the method of perturbation
used for such an equilibrius and hence these methods are
referred to as 'temperature-jump', 'pressure-jump' or 'electrlc-

jump’ methods (¥Wilkinson, 15801,

Resanance techpiques

In the n.m.r technique, the rescnance absorption line is
related to tha 1life-~time of the nucleus Iin a given spin state
while in e.s.r., it is related to the life-time of paramagnetic
specles 11 a given energy state. Any reduction of life-time of
these states by & chemical interaction, resuvlts in line
broadening. On addition of increasing amount of a reagent,
measyrexent of the corresponding increase in width of the line
duve to the second reagent cen be made. For example, *H n.mr
line broadening has been used to measure the rate of exchange of
several mono- and bi-dentate nitrogen and oxygen donor ligands

coordinated to Mni*, Fef®, Cp!*, Ni'! apd Cutl,

1.2 Concept of Rlectron Transfer (redax) Reactions
1.2.1 Frapk=Condon Principle

The actual electron transfer process must satisfy the

*Frank-Condon Principle® (restriction), which states that "the
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motion of nuclel is sg slow (107’ sec.) compared to that of
electron (10~ '®gec.), that an electron tramsfer occurs without
an appreciable movement of the nuclei® [Platzman and Franck,
1954; Sutin, 1966]1. This implies that the nuclel are virtually
frozen in position or stationary during the time taken for
electron transfer.
The operation of the Framnk-Condon Principle demands that:

{a) Both the oxidant and reductant must undergo rearganization
before electron transfer in such a way that their energles in
the trapsition states become identical, thus minimizing the
energy change on electron tramnsfer. The total change in free
energy involved in the process can then be represented by

equation (1.1) [MNarcus, 1656].

A = a8 ¢ af o+ AL LD

Vhere a&«
&61
ab,

il

Association free energy.

Inner-sphere reorganization energy.

Quter-sphera reorganization energy.

(b) o angular momentum be transferred to or from the transition
state during the act of electron transfier and a restriction is
also Ilmposed on the change in spin angular momentum,

- For example, the exchange reactiom (1.2}

Co(Phen)a** +C5{Phen)a’* ~==2Co{Phen) > +03(Phen)a=* -—=(1.2)

involves only the transfer of electron from v, orbital of one



Cobalt ion to that of the other and bas a rate of 1.1X’s™!' at

25<C [Baker et al, 19591, whereas the exchange reaction (1.3

Co(FHz)e2" + CS(Iﬂs)sa‘ ——==2 Co(KHu)s®" + Cg{lﬂa)sz+ e (1.3

requires simultanecus electron transfer and change in spin
multiplicity and thus, it is slow with a rate of 10-3¥'s ' at
25°C {Stranks, 19661. o
According to the "Frank-Condor Principle*, electron
migration is viewsed as a tumneling process im which the electreon
passes through the potential energy barrier rather than over it
[Basplo and Pearson, 19671. Tha result is that the electrons
can be transfered at distances much greater +than would
correspond to actual collision of reactants. Figure (1.1) shows

a potential ernergy diagram illustratiag this barrier leakags,

where,

7y and Uz ground states of the electrons in cations 1 and 2

respectively.

[~
L}

width of barrier at height of penetration.

kinetic energy of the electrua

E
il

Us = height of the barrier.

1.3 ITypes af Eleciron Transfer Reactions
1.3.1 Homonuclear electron exchange

In homonuclear electron exchange, the trassfer of

electrons occurs between two identical metal 1on centres
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existing in different oxidation states. Because the reactant
and product concectrations are the same, the only change in free
energy is that due to mixing and therefore the overall free
energy is approximately zern. Examples of these reactions are

given in equations (1.4) and (1.5).

Btclez- + PtClez -—----- > Btclaz= + PtCle .......(1.0)

e (Phen)»** +Fe(Phen)a®* ---) Be(Phen)s®* + Fe(Phen)s2* ... (1.5)

Isotopic labelling techniques are usually used for monitoring
slow exchange reactions of this type and n.m.r spectroscopic
methods are employed for fast ones (Vilkin, 1974].
1.3.2 Heteronuclear or Cross reactions

1o this type of reactionms, the electron transfer is
between different metal 1on centres and the products are
chemically distinct from the reactants. Here, the net change in
free energy cannot be zero and in most cases, aAG® < 0,

Examples are represented in equations (1.6 - 1.9).

Co(NHz)sX?2* + Cr2* + S5H* -~-=)> CrXI** + Co®** + 5FH.* ....(1.6)
Ca(en)s®* + Ru(NHz)e®** -—--)> Col(en)s®** + Ru(lHz)e®* ....(1.7)
2Fe2* + T1?* -—————- > 2Pa% F TI™ 6iwmasies (1.8)

S¥P* & Rry e > V" ¥ ZBrT .uesseenn (.8
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¥hen the oxidant and reductant undergoe equal changes iu the
oxidaticn states as 15 equations (1.6) and (1.7), the reactions
ara said to be complementary and the stoichiometry is always
1:1, However, wher there are upequal changes in oxidation
states of the oxidant and the reductant as in equaticns (1.8)
and (1.9), such reactions are termed non-complemantary and the
stolchiometry 1s no longer 1:1.

For reactions involving multiple oxidation state changes,
the polnis of mechanistic interst will be;
(1) whether more than one eleciron are trassferred 1z a single
steap or in a series of univalent changes and
(i1) whether an intermediate 1s formed in the process. For
‘example, V¥(II) has been found to react with Hg(II) to produce
Y(I¥) in a step which involves a diract two-electron tramsfer,
whereas the oxidatica reaction involviag icdine and triodide
occurs in a series of univalent changes with ‘Iz~ as a transient
intermadiate [Green and Bykes, 19701, Direct two~electron paths
have also been 1identified 1in the Cr(ll)> reduction of
[Pt (§H5)eCl1® and P1{(NHa)sOHI®* [Beattie and Basclo, 1%71] and

in some bipuclear complexaes [ Isied snd Taube, 1973).

1.4 Jechanicme of Redox Reacllops

¥han undertaking tha study of the mechanism of electron
transfer process, the following questions come to mind:
{1} Vhat is +the stoichicwetry of the reaction and the
compogition of the activated complex?
(11) Is the reaction accompanied by transfer of electrome or

atoms and if by atoms, which atoms are transferred?
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(i11) Is thea rate of electron transfer greater or less than the
rate of substitution of the reaction?
{iv) V¥hat 18 the number of electroms that is transférred in a
single step for multivalent reactants?
{v} V¥What provides the driving force if the reaction is not
thermodynamically feasible?
(vi) Can the products bte isolated and identified?
(vil) Is 1t possible to 1deptify or irnfer the intermediate
formed prior to the act of elactron transfer?
(vii1) What is the significance of aclid-base catalysis (if any)
obtained in the rate law; could it be rationalized in terms of
the reactants, transition state or products?

Answare to some or all of the above questians lead to one of
the distinct mechanisms that have been established for redox

reactions: the Inner-sphere and Outer-sphere wechanisns.

1.4.1 Quter sphere Nechanism

The outer sphere mechanism involves electron transfer
between two reactants whose coordination spheres remain intact,
although not completely undisturbed during the process. An

exanple is given 1n equation (1.10).

ﬁe{Phen)sz* + Fe (Phen)** ——>§e(Phen)a“* + Fa(Phemiz®* ,.. (1,10}

In the reaction above, the phenanthroline <(Phen) could not
become detached from the inart Fe(Il) and Fe(III) centres during

the course of the rapid redox process, thersfore the coordina-
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tion wshells of the two reactants remaia escentially infact
before and after the electron *rancfer {Larsen ard Vahl, 1065].
Reactions whick follow this pathway are considered to

procead via the following steps:
Step I: Formation of a precursor complex.

NX* (Hz0) 2" + K133 (NHa)L%d=2! (HaDdgN* 7. LE' T {(BH3)e)4*. . {1.11)

{(Precursor complex?

Btep II: Activation of the precursor complex

(HzO)eH".‘.LF“‘(IHa)sJ€$==§{(H:D)cl“..LE“‘(HHa)g‘*f..(1.12)

(activated complex)

Step I1l: Electron tramsfer and formatior of 2 successor complex

[(HzD)sk"..Ll“‘(ﬂﬁaJs‘*f ~~>{HzD K> 7, [ LN** (FlHa)s12*. . (1.1}

(successor complex)

Step IV: Decompositicn of successor complex to give the final

products.
[ (HaOraN12,  LEN** (FHadglsr —-0MT21 (Ho ™ + F3* (WHa)el*. . (1.14)
Step 111 i1s the rate determining step of the reaction.

Most outer sphere oxidants and reductants are relatively

inert in the time scale of redox reactions.
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1.4.2 Ipper splere Becharizm
The main feature of this mechaniswm ie that mubstitution
occurs at one of the metal centres to give a binuclear ligand-
bridged specias prier to thke transfer of electron, The two
reactanis are therafcre linked by at least one bridging ligand
comeyn to thelr ipnar canrdipation shsalls, BElectron traasfer
then accurs through the bridging ligand which is usually but nat

always transferred from one metz] centre to the other.
Ir'™vCle=" + Cri*(HzQ)e=* ~—-2[Cleir™-Cl-Cr'* {H=0s + Hz0
H=20 Ha0

Ir*2iCls (H20)=" + CritICl(H20}u"*" IritiCle®  + Crfi!{H200%*.,

(atom transfer) - P & I L3

The inner sphere mechanism also proceeds through a series of

steps given by equations (1.168-1.20),

Btep I: Formation of cellisiocn complex.

LeM311Y%> + N17(Hol) e a==xILeM 11X/ /01 (HaD)gd 4 ..., (1.16)
{eollision complex)

Btep II1: Formation of bridged precursor complex.

[Lad " X/ 70 Y (Hed el 4 == LMY T-F-W (MM ud 4+ + 20, .. (117

(precursor complex)
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Btep 1II: Activation of the precursor complex, electron tramsfer

and formation of successor complex.
[LaMIP2-Y-N12(Ha0g]4" ~——> [LaMtF1-X-F1 1 (BaD)sT. ... (1.18)

[Lel**7-X-F** (HzMg**1" ——==> [La!"-x-l"‘(HQD)n‘*r.....(1.19)

Btep IV: Deactivation of successor complex and formation of

products.
[LeM*I-X-F*37 (Hp0) g4*]" ~—wmnw= > [LeM¥i-X-N222(H20)g]4"

H20
LaKr* (H=0)=" + XK***(HzD)g2* ..

0‘!.'!{1!20>.

The usually encountered rate determining step is step III, whick

involvas the actual transfer of electronis).

1.5 Diagoneis. of ithe mechanism of redox reactions

One of the primary aime of redox kinetics is to distisquish
between the 1inner sphere and outer sphere mechanisms. Some of
the criteria that have been use to achleve this are discussed

. below:

- 1,51 Xk redox (keaa) versus K Substitution (ke.w)
In the inner sphere mechanism, substitution intp the

" coordination shell occurs before electron transfer therefore 1f
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Kred 7?2 Keun, such a reaction can only occur by the outer-sphere

mechanism. An example is the electron exchange reaction between

Fe (Phen)»2* and fe(Phen)s®*, [Larsen and Vahl, 1965].

Fe (Phen)s2* + Be(Phen)s® --> Fe(Phem)s®* + Be(Phen)a=*...(1.21)

The rate constants tor the substitution of phen. are

7.6 x 10~®s—' for Fe(Phem)s** and 5.01 x 10-%s~' for
Fe(Phen)s**, while K exchange is 10°N 's™ ', In this example,
the outer sphere mechanism is operative because k.ea >) Kaus.
For a reaction in which keus ?7 Krea, and in the presence of a
suitable ©bridging 1ligand, the Inner sphere mechanism may

operate.

1.5.2 Product identification

Cne of the most important features of the inner sphere
mechanism 1s that electron transfer takes place through a
bridging ligand. When the bridging ligand is transferred from
one metal centre to another after the act of electron transfer,
it provides an evidence in support of the inner sphere
mechanism. In the study of the reaction between Cr** and Co®+,
Taube and co-workers (1953) were able to associate the product
CrCla+ with a binuclear intermediate of the forn
[ (NH2)sCo-Cl-Cr**] and appropriately proposed the inner sphere

mechanism.



Cr*+ + Co(NHs)sCl12* —--) [ (WHs)sCo-Cl-Crls~

H*

CrCiz* + Co®* + S5NH.™ .....(1.22)

This criterion must be applied with caution because;

{1) Atom transfer does not occur in all reactions that proceed
via an inner sphere mechanism.

{ii1) The products of the reactions of some reductants like Fe=-,
¥Z+ and EBu®*, hydrolyse rapidly, making the detection difiicult,
except 1o few cases, for ezample Co(¥Hs)uSCHN*"/V<~ gystem, where
the stopped-flow technique has been used [Davies and Espenson,

1969; Sykes and Green, 1970; Green et al, 19711.

1.5.83 Identification of biouclear intermediate

The inner sphere mechanism presupposas that a binuclear
intermediate is formed beiween two reactanis prior to electron
traunsfer [Basolo and Pearson, 1967; Al-Jallal and Sulfab, 1983).
Depending on the life time of the intermediate, its detection
can be accomplished by the use of ordinary spectrophotometiry or
by stopped-~fiow techniques. If the identification of the
intermediate 1s possible then 1t serves as a criterion for
assigning the inner sphere2 mechanism, Although  the
tdentification of a binuclear intermedlate is necessary, it is
not a sufficient condition for the diagnosis of an {aner sphere
machanism, because the mere presence of an jintermediate does not

automatically mean that this specles plays a direct role in the
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redox process.

1.5.4 Reactivity Patiern
If a wide variety of complexes of the general type

Co(NHx)uX®** (X = Cl-, F-, Br-, N0s ), is reacted with another
metal ion, the rates of reactions for inner sphere mechanism
would be expected to be sensitive to the nature of X (since it
is the bridging ligand), while in the case of outer sphere
mechanism, the rates would be similar irrespective of the
identity of X [(Sykes, 1967; Bhea and Haim, 1973]. Therefore
when the reactions of such a series of complexes are found to be
independent of the nature of X, then the outer sphere mechanism
can be sald to operate.

The effects of added anions also gives 2 clue to the type of
mechanism involved in a reaction [Adegite ef al, 1977; Przystas
and Sutin, 1973; Pennington and Haim, 1967]. For example, if a
reaction is catalysed by the presence of added anions, it

suggests an outer sphere pathway.

1.5.5 Activation Parameters:

Although there seems to be no direct relationship between
the activation parameters such as AH*, aS5", aG", etc, and the
type of mechanism, their signs and magnitudes can be used in
support of or against a particular mechanism. For example,
negative value of AH* indicates the formation of a precursor
complex as in {inner sphere mechanism [(Vilkins, 1974], The
volume of activation, AV®, can also be used as a support for the

inper sphere pathway.



(XHLY Y2 + Pa{H-0 s>

1.8

{ MsduCoCl (M. MFe (H=0)s1*" [ (§H3)uCu-Cl-Fe(Hz0)gl** + HzD

.-----os(loza’

The volume of activation is expected Lo increuse ian the case of
inner sphere mechanfum becauce the oifectiva volume af free
witor mpiecuples 1s more  Lhapy thal of coordinated water

molecules,

1.5.6 Barces Themy

Tu the outer sphere wechanism, the weak interactior
between the reactasts has permlited ils theoretical treatments
and corvrelation botwoea kipatlc and Llbermodynamic parameters
(Butin, 31666; Diebler and Suvin, 1963]1. The wmost widely used of
these Lrestmenis ie the Marcus Theory [ Marcus, 19561, When work
terms amre swall, tho thowry predlcis that for the reaction

(1.24),

Oz, =+ Rudz&:_—.}ﬁod; + Xz ...0.0...€1.24)

and ralated isotoplc exchange reactions (1.25) and (i.26)

Be: + Ra:l;&ﬂed; S & TR . (1.25)



17

Bx: + Reda2Z—oBodz + Oxz ........(1.26)
kiz = (Eiikegf=D)" reeaasna, €1,27)
(198‘ K‘I::‘z
vwhere logf =
410g (k1 1kzz/Z%)

K1z and K.» are the rate apd equilibrium constants respactively
for the cross reaction, kii, Xez ara appropriate rate comstants
for 1sotopic excharge, ard Z is tbe collision frequency
(10X s ' for homogeneous reactions).

Thus, from Marcus equation, the theoretlcal rate constant

can ba calculated from equation (1.28)
..... e 1280

ot = Gibbs free energy for the cross reaction.

A re#sanhble ﬁgreeneﬁt betwoen keare. 2and Yowm. is usually
taken as evidence in support of the outer sphere mechbanism but
an absence of the correlation does not give sbsolute evidence
for innar sphere mechanism. For f = 1 and for small values of

kua.

afiz = 0.5088.. + 0.50a%22 + 0.58812 .irnin... (120
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Sc that for & series of reactions, a plot of Z6:= versus &d?z
gives a slope of 0.50 if the reaction is af the outer sphere
type.
1.6 Objectives af the Profect

Ruthenium complexes occupy an important position in
chemistry, blochemistry and chemical technology from their wide
range of applications. For example, they have been reported to
effect a varlety of organic oxidations even under mild
conditions [(Thompson and Meyer, 1982]. These complexzes,
particularly the oxo-bridged +type, bhave large extinction
coefficients in the wvisible region and are relatively stable
towards photo-dissociation. Their relatively high energy
transfer abllity has alsc provided a basls for the design of
artificial sysfems used in the splitting of water with solar
anergy (Boplletta et al, 1980).

Haim and co-workers have recently undertaken the kinetic
studies of some ligand-bridged complexes of Ru(lIIl) [Akhtar and
Haim and references therein 1888], but there has been no
published kinetic results on the oxo-bridged Ru(IIf) dimers. Seo
far, only the synthesis and characterization of a serles of oxo-
bridged Ru(IIl) complexes have been accomplished [ Weaver et al,
19751, These dimers, which are of the form [(Li)= ¥ RuDRu
I (LLYzl" (LL = bipy or phen, X = C1~7, EQ>" or Hz0), have been
identified as good redox agents ia chemical synthesis and in
biological systems [Meyer et al, 1981; Veaver et al, 19751.

There is therefore the nead to establish the factors that.

govern the nature of the reactivity of these systems. And so iz
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this project, the redox reactions of
[(bipy)szORuDRquD(bipy)z]4* and some Oxy-anions are being
investigated as part of an effort to collect data which would
give an insight into the kinetics and mechanisms of the
reactions of the complex with the oxy-anions of jnterest. The
jpformation that wonld be esbtainad can then be comparad to those
cf its mopomeric analognes and related systems that have been
reported. It is also hoped that the knowledge so gained can be
utilized in the developmernt of redcx catalysis and the design of

artificial systems for solar energy genaration.
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2.0 LITERATURE REVIEY

2.1 Ligand-bridged complexes of Ruthenium

A series of mixed-valence complexes of Ru(IIl) has been
prepared [Krentzien and Taube, 1976; Tom and Taube, 1975], and
their properties compared to simple monomeric analogues. In the
study of these ligand-bridged complexes, emphasis has been
placed on the nature and the extent of metal-metal interactions
across the bridging ligands and the consequences of such
interactions on the physical and chemical properties of such
systems (Miller and Meyer, 1971; WVeaver et al, 19751. For
example, the extent of delocalization between the ruthenium
sites in the ligand-bridged systems depends on the oxidation
state of the metal site and on the effects of the bridging and
non-bridging ligands (Tom and Taube, 1975].

Recently, a programme to study the reactivity of mixed-
valence binuclear complexes was started by Haim and co-workers,
(1988) . The report on pyrazine-bridged ruthenium dimers
indicates that the metal-metal overlap occurs by the metal-
ligand mixing due to the large Ru-Ru distance (6.9A=). However,
the study of ruthenium bridged by some heterocyclic ligands
indicates no metal-metal interactions across these heterocycles
(Sullivian and Neyer, 1979]. An example is one involving

[ (Ru(bipy?2C1)2Ph2PCHaPhz]12* {n which the transition is due to
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metal-metal charge transfer.
Siace this work is concerned with the reactlions of the oxo-
bridged ruthenium systems, it 1is pertinent to consider the

nature of these complexes in more detalls.

2.2 Dro-bridged camplesxos af Butbenlum(III) -

Oxo-complexes of transition metals are zirongly oxidizing
and often used in synthetic organic chemistry [Meyer et al,
19811. Because af Lhelr role as redoyx agents ip chemical and
blological systems, there 1s a nead to establish the factors
that govern the pature of their reactivities which will help in
the development of redox cafalysis. High valant oxo-complexes
of rutbeniuvm, for ezample, those containiog polypyridyl ligands
have heen used as oxidative catalyste (Chi-¥Ming et al, 1986] and
those derived from traps - [Ru{(bipy)sz(Hz0)z2}** have been shown
to play an important role in the photolytic splitting of water
[Taqui et al, 19861.

The properties of ligand bridged transition metal complexes
can differ significantly depending on the nature and/or extent
of netal-metal interaction [Veaver at al, 19751,

There are cases 1n which;

(1) There is a strong, direct metal-metal bonding,

i1y Strong metal-metal interactions exist, but through a
bridging ligand,

(111} Veak metal-matsl interaction exist, either through a space
‘.ur through a bridging ligand

{iv) There is no evidence for metal electronic tnteraction.

o Complexee of the first transition metals have been shown to
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exhibit weak metal-metal interactions and the interactiocns seem
to be stronger for second and third row metals (Veaver gt al,
18751,

As stated in chapter one, a series of oxo-bridged complexes
[ (LL)2XRuORuX(LL)z]™* (LL = bipy or phen, X = C1-, NOz~ or HzD),
which fall into Robin and Day Class III, (Robin and Day, 1967),
have some unusual physicochemical properties when compared to
their monomeric analogues [Veavers et al, 1975]. These
properties have been suggested to arise from chemically
significant interactions between the two Ru(1ll) ions across the
oxide bridge. Because of the strong Ru-0O-Ru interactions, the
identity of the separate Ru(III) ions is lost in determining the
physical and chemical properties of such systems. It is
therefore necessary to treat them as molecular Ru-0-Ru systems
with distinct chemical and physical properties of their own.
The electron spectral data of some of these complexes are
represented in Table (2.1).

One of the conclusions from a series of studies on the oxo-
bridged Ru(III) dimers is that the oxo-group can support strong
electron interaction between the metal sites, which can in turn
lead to an extensive reversible redox chemistry [Baumann and
Meyer, 1980]1. The strong electron-electron coupling can lead to
new chemical systems where the physical and chemical properties
at the metal sites are significantly modified compared to
related monomeric systems.

The spectral and chemical properties of Ru-O-Ru have been
found to be similar to those of Os-0-Os but different from those

of Fe(lIl) systems. For example, Ru-O-Ru and Os-0-0Os have
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Compuund
[ (bipy’zClRuORuCL (bipy)=)=~

[ {bipy) = (Hz0)RuORU (Hz0) (bipydzl+*

[ (bipy)az(N0z)RuORu (N0z> (bipy)zlZ~

{ (Phan)z {Hz0) RuORu (Hz0) (Phen)z}4+

[ (Phun}s {05 RuORu (B0z) (Phan)z]="

aY¥eaver et al, 1978,

€ = molar extinction coefficient

A= magnetlc moment

672

208

244

560

410

284

632

284

244

660

264

640

264

AnAX {nm> L.

17900
39600
65900
25000

2900
53000
25700

4800
38400
17600
87000
253500

88000

1.87

1.80

1.70

1.80
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strong  metal-metal interaction, while the  metal-metal
interaction 1n Fe(Ill) ions is insignificant to effect similar
changes in electronic and chemical properties [Khedekar et al,
1967; Lewis et al, 1968; Schugar ei al, 1972]. This is probably
due to the lesser d-orbital extension of Fe(III) wken compared
ta Ru(IIl) and Os(UIID).

Xost of the reported kinetic studies on retbeniuw are those
involving the ammine complexes (Adegite gt al, 1979; Lee and
Barly, 1981; Chalipoyil et al. 1977), and recantly, the pyrazine
bridged mixed ruthenium dimers have ali3n been studied (Akbtar
and Hein and references theraln, 1088), Howaver, tbhe oxo-dimers
of Ru(lIl) are now receiving some attention (Iyun and Adegite,
19881 . For exawmple, the enlor asslsted dissociations of
[ (bipy)2C1RuORuCl (bipy)2]** hae been investigated (Iyun, 1688].
A great deal of kinetic work still needs to be done on the oxo-
bridged Fu’/IT[) complexes to be able to classify them into
mecharistic pathways. (Most of the earlier research interest
has been on characterization; i.e crystallographlc, booding and
electrochemical praoperties of these dimers [Early and Fealey,
1971; Veaver gt al, 19751.)

Sloce this project is aimed at studying the redox reactions
of [ (bipy)zH20RuORuH.O(bipy)=]14* and some oxy-anions, a review

of tha reactions of the anlons Is considered below:

2.3 Reactions of Qzy-anlons
There has bean a number of kipetic investigations into the
mechanises and activily patterns of redox reactions involving

complax ious and oxy-anious [EShakhashill and Gordaoa, 19891, and
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the rates of oxygen exchange and redox reactions were found to
depend strongly on acid concentration [Birk and Kozub, 1973].
For a number of oxy-anions S0s®*~, 850s*~ [Hoering and Kennady,
19571, Cl0s~ [Hoering et al, 19581, Cl0.~, BrOs~, I0«~, 10a~
[Birk and Kozub, 19731, FKO»~ and NO=— [ Anbar and Guttman, 1961;
Anbar and Taube, 1954], the rates of oxygen exchange and
reduction by a species R, generally have rate terms of the forms
KIXIG.""1(B*! and kiXOn~}[R}{H*]! respectively (X = C1, Br, I, 5,
F....; m= 2,3, ar 4, n = 1 or 2). One way of locking at the
{H*] dependence is that tke protons enhance the cleavage of the
bond between the oxide ions from the central atoms [ Edwards,
1964].

For oxy-anions that are derived from small and or highly
charged central atoms, the predominant rate law term for
exchange 1s k[X0n"~][H*]* aad this has been abserved for NOs~,
NOz~, ClO0a~, and BrOs— [Bdwards, 19%4]. For example, chloride
ion has been shown to catalyse the oxygen exchange between water

and N0z~ and BrOs~ with the following rate law,
Rate = K{ICa~JICITILE*IZ ,,...... 2. D

But when the central atom is large and or less highly charged,
the rate law shows first order dependence of [H*l! [Baloga and
 Earley, 1963). An example is the reaction of I0.~ with the

following rate law;

" Bate = k[IQL-J[H"Y ......... @.2)
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Although 10.~ 1s thermedynamically a poorer oxidant thap BrGs™,
it is much more reactive, presuvmmably bacause of the lability aof
ite oxygens due to the larger slze of iudina [Dlsen et al,
19731, ]

The mechaniéﬁé.fér the reacticns of these oxy-anlons with a
variety nof metal inn complaxes have been a subject of discussion
in recent years {Gordop and Buchacek, 1972; Huchital and Hodges,
1973; Birk, 1973; Birk ard KXozub, 1073, 21978; Bulfab, 1976;
Sulfab auad Abu-Shady, 1977; Ige and Amire, 1985). Depending on
the nature of the metal inn complex and the oxy-anion, both
inner and outer-sphere machanisms have been proposed.

The axy-anions nf interest 1m this work are Br0Os~, I0:~ and

8022~ and therefore require more detailed trestment here.

2.3.1 Oxldatiop Beactices of Bropmate (BrQ.—2 ion.

Bromate ion redox reactions with a variety of metal ioms
have been studied EThonpsdn and references therein, 19711. For
example, its reactions with Fel(CM)e¢4~, [Felbipy){(CK), 1=",
[Pe(pipy)=(CH)2], Hg= and Ru{CH)s*~ have baen shown to have both
a8 direct path and an suvtocatalytic path caused by the Br-BrO=
reaction {Birk, 1978] and the rate can be accomodated by the

general equation (2.3).

~A[Pr0s—3 = (b * R JIH"1Z2MBrO~1INr~) ... ..., 2.3

e . e il . i e

Values nf kx apd k. for thase and pther metal ions at 265°C are

glven 1n table (2.2},
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The results obtained from the BrOs~/Pe(ll) reactions, in
conjunction with Marcus correlation, suggested that both terms
in the rate law are probably due to outer sphere mechanism [Birk
and Kozub, 19781. But earlier investigation has alsc shown
evidence for the occurence of an inner sphere pathway, possibly
involving substitution of Fe® rather than on the BrOs~ [Birk
and Kozub, 197Y37.

Of all the reactions of Br0»— with metal ion complexes that
hava beern studied, Fe(ll) systems have received more attentlon.
Az example is Fe(CEN)e*~/BrDa~ system [Birk, 1973, BRBirk and
Kozub, 1973]. In the presence of excess Br0O;~, the overall

stpichiometry 1s given in equation (2.4)
BrOs— + S5Fe(CN)ge~ + 6H* —---—> S5Fa(CH)e™ + 3Hz0D + ¥Brz .., (2.4}

The following sequence of reactions is sald to operate with
equation (2.8) as the rate determining step.
Fe(II) + BrOa~ ——=-—- > Fe(III) + BrQa + HaD ......(2.5)

R ¢ fast
4Fe(ll) + BrO= + 4B* ------) 4Fe(III) + ¥Brz + 2Hz0 ... (2.6)

k=
Pe(II) + %Bre --———r-——— > Fe{lll) + Br ......£2.7)
fast
ka
Br- 4+ BrOz~ + 2ZH* --———-m——v > 3Br + 3H20.....€(2.8
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Iable 2.2
Yzlues of k and kg at 25<C for the reduction of DUrls_ Dy some

metal lons.

Matal ion ko Xlet! ku M'eT Ipnic sirengeh
Fe(CH)e®~ 0.00125 0.193 0.5X

Fe (bipy) (CE) 4%~ 0. 0062 0.227 0.5X

Fe (bipy)z (CH) = 0.029 0.755 0.5%

Fe (bipy)a*" <0.0042 < 0.153 0.5%

Fe2* 0.372 - 0.5K

Vo=~ 4.93 - 2.0K

L g 12.5 3.2 2.0K

Hg* 3.7 2.0 1.0X

IrCle®~ - 10.2 0.5K
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Tahle 2.3
Yalues gof a . onnd b _for the Reduction of BrO=” by metal ions af
250

Camplex E=, Oxidatign 10%z, X"'5~' b M:?g7! I XN Ref,
Fe (bpy) (CH) &%~ -0.65 6.2 0.227 0.5 £
Fa(bpy)=(CH)= -0.79 29.5 0.755 0.5 £
Fe (bpy) 2=~ -1.07 4, 2c 0.15= 0.5 f
Cotly -1.900 0.26<¢ 0.000045= 2.0 g
RuCRus~ 55,3~ 5.09* 1.0 This
work

cEistimated value, the reaction follows a different rate iaw.
“Yalue at 24,5°C, *Value at 24.0 x 1.0=C

*Birk and Korub, 1978, =ivoko et al, 19889,
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Huué&er, when Fe(ll) is in excess the atoichla:nt;y bconnns 8:1
during mast of the reaction and will only change to 6.1 when
bromine starts to accumilate. Vher these conditions are mada,

the rate cquntioﬁ reduces to equation (2.9).

-di Pa{ll}]
mmmmmmem—ee 2 8Ky {FA(II}JIBrOs~] + GRalBr-Ji{BrOs-J(H*]® ...2.9
at

B o= 1,25 x 1002 + 0.193{HTI=zX g

ks = 2.8N 2", T = 25°(, I = 0.5K

The ®econd order depandenca on {H*) in this reaction can be
explainad in term of displacemant of Hz0 from H;BrO»™ either

prior to or in the rate determining step [Birk and Kozub, 1978].
BI'OI_ + 23‘“‘%%3%* (Dl" m‘. + HRD)- TERE] (2. 10)
Fa(II} + HeBrO»™ -——-~——-) Fe({lIl}) + BrOz + Hz0 ....2.11)

This displacement then rescults Iinto a Dbinuclear spacies
containing the reduciag ageant and BrOs~ lon [Birk, 1973]. -

Although, B~0»~ is known to undergo a 2-equiv-change as in

the oxidation of Hf dimer, l-aquiv-changee have also besn
observed ir other systeme (Sykes gi al, 1976]. For example, the
rate law for dirsct reduction of BrOi~ by Fe(11) is consistent
with the firat electron tranefer being rate determining.

The reduction of BrOa~ by Ke(Phen)a** {n Hati0. has also been
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fnveztigated and the rate found ¢o be dependent on the
concentraiion ratiov of the reactante [foros at al, 19751, For
cxasple, at [Fe(Phen)a**}l « [BrOs~), the rate law is given by

equation (2.127.

~-di Fe*+]
- ————— - - l{ Fez*] T ] (2' 12)
dac

E = (7.54 2 0.42) x 107%g™!

while at i Fe{phania®**] < [BrOx~), the reaction ls autocatalytic

and the rate law is described by equation (2.13).

~d({ Fe+*)
_________ ~ = K Fe= ) Brls 127> HzA0.)28 ,..... (2.13)

k = (1.74 & 0,28) x 10°KN2g!

2.3.2 MMMMM_LM

Pericdate ion oxidation of metal ion complexes has been
intensively studied f(Sulfad, 1976; Bl-Eziri and Bulfab, 1977,
Knusizx and Sulfab, 1977; BSulfab and Abu-Shady, 1977}, and is
mst casws 11 seems to prefer the inner sphare mechaniam [Bulfab
and Kageim, 1981; Sulfad and Abdel-Khalcek, 103831, This
machanisw hae been supported by the specirophbatometiric
ldentification of CodIIl) fntermediate products In the oxidation
ef Co(Il) complexee of EDTA, HEDTA and EDDA [Sulfab and Kaseim,

19771,
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Symons (1955) has investigated and reported the oxidation of
Fa(II) by 104~ to proceed via one-electrom transfer steps. The
polymarization of added acrylonitrile confirmed the formation of
free radicals (I(VI)) resulting from one-electron transfer. But
since 104~ is a two-electron oxidant (I(VII) -~ I}, a
cancurrent twg electron transfer cannct be ruled out [Bl-Bziri
and Sulfab, 1977) and therefore it is possible for the two
elactrong to be abstracted from one Fe(ll) with the formation of
unstable Fe(lV) as with some two-equivalent oxidanis or from two
Fe(ll) [Sutin st al, 19651. {pe of such systems [Gulfab, 19761

is characterized by the following stolchiometry;

2Fe (CHle*~ + I0a™ + ZHz0 ---)> ZFe(CH)a™®" + I0x~ + 20H + HzO ..

e 2018

At constant acid (pH 7.72) the rate law obeys equation (2.15)

=d[ I0."]
———————————— = kz[Fe{CH)e*)[I0s4") .........{1.15)

Like with other oxy-anions, the rate of oxygen exchange and
redox reactions of I0s~ also depend strongly on acid
concentration (Birk and Kozub, 1973]. Therefore, the dependence
of kz (equation 2.15) on [H*} is given by sequatiop (2,16) and

the final! rate represented by equation {2.17).

k2 = kz' + kalH*] .........{2.16)
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----------- = {kz2' + kalH*))} [ Fa(CH)e*~][104") .....{2.17)

Diiferent species of pericdate lon exist in aqueous solution
{Benson, 19681. <{hase species itoclude HelOs, EalQs™, HaTOs®—

and I0. are luvoived ia the following equilibria (2.18 ~ 2.210.

¥1

HalDe~ + H*e—m——HclDe, k: = 1,98 x 10* N~* ..., (2.18}
kv

1047 + PH D S————Hale™y, B = 0.025 0 uiiinvuannas (20190
Bz

HalOe2™ + H o——=2HalOs™, k= = 5.0 x 10¢N .......(2.20)
ke

104~ + B o————"HID«, Xz = 150 % 10N .......(2.21)

ki, k4 2and B are values at I = 0, T = 25°C while kX» ic at [ =
1.0M, T = 256°C.

4t pH 4.2 and I = 0. 1K, 96.8% of periodate in aqueous solution
is present in the form of Hallls™ &nd I0.~ [Kugtin and Lieberman,
19647, 1t wouid then be expacted that the reactive species ba
047 and HaIGs™, Dot rate laws of some systems include the other
spesies [Sulfab and Howlett, 1976] as in the rate law below
(2.22).

Rate = {kalI0a™] + PrlR:IDe™] + kelH:1De2" ]} Fa(CHa*"]. .. (2.22)
Howevar, in most of the wasag, [0.” and HaIDg~ are the reactive

espacies, especially with a series of Co(ll) complexes [¥ilkin
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and Yelin, 1970; Al-Jallal and Suylfab and refersnces therelin,
19831,

]04~ has also been used iz the oxidation of drganic
compounds, particularly in  the cxidation of phenols
( Radhaknishnamnt ot al, 10761 and glycols {Sulfab and references
tharein, 19761. For example, the oxidation of 1,2-diols by 104~
proceeds by WAy of a cavalent 1link {uvolving a cyclic
{ntermadiate (Sulfab, 19741 whlch corresponds to am inner sphere
mechapism.

Hiowever, the electron transfer in Fe{(Phen)z**/1047 systen
has been raported tc occur similtaneously via both inner - and
outer ~ sphere pathways {Ige and Amire, 16851, The inner sphere
path which is the predominant pathway at low acid (€0.02 -
0.15%), occurs by a single step two-eleciron transfer, while the
cuter sphere slectiron transfer process QOCCure at high acid
0.20%). Therefore the possibility of the occurence of the outer
sphere mechanism can not be ruled out for the reaction of 10a™

]

iou.

2.3.3 Radun11nn_Bansi1nnﬁ_niﬂsulphiin_SSﬂale_inn

The sulphite lon has recelved a lot of attention as a
powerful reductant in the past few decades [Benson, 19681. The
jon has been known to reduce metal ions and other oxidants by a
variety of mechanisms and with varying stuichiomeiry [ Russel and
Yost, 15441, The stoichiometry and products of the reaction
allow a distinction to be made between one-equivalent and two-
equivalent oxldizing agents examplified by equations (2.23) and

(2.24), the products being dithionate (Sz06*") and sulphate
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{80477 Lums respectivaly THiggluson and Marshall, 1057; Davies

et al, 1969).
-
S0g= ————————- > 80a~ ~e——=-- > B8z0eF . .....2.23)
: ~ga~
EluE~  mmmmmmme=)d B0 1. BT e L (2.24)

The stoichicmetry of the redox reaction depends largely on
the lability of the metal ion cumplexes involved [Veprek-Siska
at al, 19661. For example, substituiion iaert complexas which
behave as 1l-equivalent oxidants, give 30.7* as product but
substitution 1lablle ones react wit:i a2 Towsr non-integral

stolchiometry, giving 5-0s= 2& an additional product.

B0a% - + 2M(n) ~=—=-=-=> B02%" + 2R{n-1) ....... €(2.25)
8032 + (1-x)Kin) -+ > xB04% + ${1-x)820® + (1-00N(n-1) ...
..... . (2.26)

where x lies betwsan zero apd unlty.

4 group of researchers have earlier rsported that free S0.2-
lons are always oxldized to 3047 withovt B8=0s* {Higginson &nd
Marshall, 1957F or with very negligble amount of S:0e? ([ Veprek-
Siska et al, 19881. Pyt more recertly, the formation of 802
in additiop to 82,7 ag oxidation products of S04*- has been
established (Demnis ef zl, 19831, confirming earlisr reports

(Haight et =], 1969, Lister znd Resemblum, 19633,
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The most intemsively studied oxidation reaction of S50s2~ is
that involving Fe(IIl) complexes e.g Fe(CH)s>- [Murray, 1968;
Lancaster and Murray, 19711, This reactiocn was believed to
involve the intermediate [Fe(CR)xB80al%, with the subsequent
formation of 5047~ [Veprek-Siska and Vagnereva, 1965; Veprek-
Siska gt al, 1966], but this clalm was later disproved by
Swinehart (1967). When the species [Fe(CH)sS0s:]%~ was prapared
and analysed, its reactivity was found to be different frow that
predicted by Veprek-Siska and so the outer sphere formation of

805~ radical iomns is favoured,
Two reaction schemwes have been proposed for the reduction of

Fa (CH)e®" by 503%™ in aqueous solution.

Scheme T
' : k-
{Fe{cx)s]’- + maz—' ﬁ[F@(CI)I{C'o SO@]E— R E YR (2-27)
slow
k>
(PFai{CE)c)®* + [Fa(CH)a{CH.B0g) %" ~—w—rmww > [Fa{CH)gl~ +
fast
[Fa(CR) s (CH. S0x))4-
-------- {2.28)
. k=
(Fe(CN)g(CH.8035)]14~ + HaQ -———=—- > [Fe(ClYgl®™ + SDA* + 2H* ,..
_ slow e $2.29)
Scheme I1
k.
[Fe(CK)c]l®* + soaz-#memma]‘- + 80a™ ..v... (2.30)
Ks

[Fe(CK)el® + B0a~ “~fazt > [Fe(CH)c(CY.80514~ ......(2.31)



Fe(CH)x (CN.S0al"~ + B0 - 3 (Fe(CH)el?~ + S50a.% + 20 ..
slow ceaan s (2,322

The later echamé has been substantiated end found to be sloilar
to the mechanism propnsed earlier for the reactica batween
Fe(CH)s® and WOz~ [Davies and Stedman, 19681.

In an effort to give more insight into the machanism of the
reaction of 50277, Dennis and co-workers (1983 have
investigatad Mo (CMe®=S052"  snd RICE) S-S0 systems 2and
established tke occurencs of the guter sphere mechanism ip both

cases with the following stoichionatry.
ZH(CH) P + BlpZ~ -—— y 2MCHed + S04 ......{2.33)
X = Noi(¥), ¥V
* A similar mechanism has also been propused toc operate in the
reaction betveen S0o7" and IrClez~ [Stapp and Carlyle, 19741.

The not resctioms can be described hy equations (2.34) and

(2.35) and tie rate law by {2.38),

21rCle®~ + HSOz™ + HaQ <—-—— » 27rCle® + S0~ + 3E* vaies £2.347
21rlle? + 2HSQe™ ———— y 21012 + S20e*" + 2H" ...0o (2.35)
-d[ IrCle*~] kf 801
premmem oS Ans Ry R e emremrm S - ..............-......-..(2.36)

dt [H*]
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The rate law does not however suggest tbe prodvet of the rate
determinipg step; the products could be Irlle® and S0s~ or

Irgvirs qoqplex as indicated in equations (2.37) and (2.38).
IrCle4~ + B0a%" | ;_‘_‘-“--) IrCle® + 80a™ . ieavvanes s (2,37
IrCles + 804%" —~o—we= > IrBYIET el (2.39)
Based on evidepce from the rate law, stoichiometry and the
inertness of IrCle?®~, the cuter sphere mechanism was proposed

for this system. (Consistent wlth earlier repeort f[Brown and

Higginson, 16721.)



3.0 EIPERINENTAL

3.1 JNaterisls axd Enagepts _
All resgeats and solvents were used without further

purificatioa.

$,1.1 Diaguotetrakis (2.2'-bipyridine)-p-oxc-dlrutheniva(Iill
perchlarate, [ (hipylaH.ORuOBuH20(L1pylal (CI0OL

The oxo-bridged complex, I (bipy)zﬂzﬁﬂuﬁﬁuﬂaﬂ(bipyh]“,
{(RuORu“*), wae prepared, purified and characterized according to
thcl mothod outlined by Neyer and Coworkers {Veaver at al, 197%;
Neyer and Godwin, 19711 as follows: Cis-Dichlaorobis <(2,2'-
bipyridine) ruthenium{IIl}, (2.00g, <4.13mmole) was suspended ia
distilled water (80cm®) coptaining asllver nitrate (1.76g,
10,38mmole, 2.5! equiv)., The mixture was raefluxed for 8 houre,
cocied to room temporature and centrifuged. The supernatant
liquid was filterad by suction Iinto a fine frit to rewove
chloride and silver metal.. The filtrate was heated on a stean
bath and treated with a saturated salution of sodium perchlorats
(¥aCl0s> until precipitation began to occur. 8law cooling to
°C produced the desired material, whichk was ocollected by
suction flliration, washed witb a small portion of cold water
and air dried. The sait wns recrystallized from bot water

containing emsll amount of FaClOs. (The dark microcrystallined



40
g0lid gave a deep green solution in water and acetonitrile.?
The yield was 1.45g our 54% of thearetical {thearetical yield =
2.69g). The ealectronic spactral properties of the prepared
complex were consistent with the literature values [Veaver ei

al, 1975].

8.1.2 Preparation gf Btandard Sodium bromste (EaBrOs) Solutlion
About 15g NaBrOs (B.D.H, Analar) wera dried at 120°C for.
2 hours and allowed to cool in a dessicator, frowm which a 1.0X
solution was prepared in 1Q0cwm™ distiiled water [Vogel. 18781.
A portion of the solution was treated with excess potassium
iodine (KI) in acid medium and the liberated iodlne was titrated
against NazSzDa solution previously standardized against KiDs

[Birk and Kozub, 19731.

3.1.3 Preparation pf standard codium peripdate (Falld solution

The solution was obtalned by diesolving an accurate
weight of HalGs (B.D.H, Analar) in flasks wrapped with aluminium
foll +to avold photochemical decomposition ([(Symons, 1955;
Vivekanandam and Ramacbandran, 1983), The NalD. solution was
standardized as follows: A 100cm™ portlon of the solution
{containing about 0.2g) was acidified with concentrated H280..
502 was then passed into the solution untll a colourless
solution was obtained and the excess 50> boiled off. Ammoniacal
soluticn of the mixture was precipitated with AgROs solution.
The precipitate was collected, washed with 1% HNO: and fianally
with little water. It was dried in the oven at 105-110°C until

a constant welght was obiained. The concentratioa of the stock
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solution was caloulated based on the foilowing equation:
Ag™ 4 AZ0s4* + 104 ~mmm- > 480a*" v Agl ... G

3.1.4 Preparatian.gf Stasdard Sodiuw Unlipbite (Fuolls) Soluilon

The mulphite solution was prepured by dissolving an
appropriate ampunt of BazS0- (B.D. H, L.®) 1g distilled water and
standardized by lcdometric mathod [Vogel, 19781, 25en® of
standard 0.iN iocdine snlution was pipetted into a 3500k comical
flesk, then Scz® of 2.9MHCYI and 1H50cw® disitljied water ware
added. 2Ccn® of 0.1X Wbl solution was added slouwly into the
wixture with coastant stirring. The excess iadina was titrated
with standard (0.1} Ha25:0a sclution using sterch indizator.

The icdometric mathod of determinaticon ia based on Lthe following

equations:
8Cs* + Iz + Huld ~erem-- Yo o B0a2- o+ 2R+ AT L. 32
HSDQ_ + Iz + TL?O HFF*.HF) Boﬂ-z-. + 3H‘ + 21“ L B Y (3-' 3)

3.1.5 TIreparatiop of 0.iK HoaR.Oz, 1020 solntion

3. 746g of HoxBalw. 10K:O (B.D.E. Analar’ were accurately
waighed, diseolved ip 100cw® voluseiric flask and made up nf the
matk with distilled wrter to glve a .1¥ solution, {This

solution was used as a primary standard for HC1Da),

3.1.% Freparation of standard perchlucic Acld (MC10.) Solution

4 stock solution (5.0X) of perchloric acld was obtained
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by dilution from cowcentrated HC1O. (B.D.H, Analariy. About 0.1NK
solution was prepsred from the stock and titrated against
standard 0.1 NazBa0-.10Hz20 solution, wusing methyl orange
indicator. The concentration of the HCIC. was calculated frum

the followlng equation;

BaDr® + 2H* + SHa0———=——dHuB0. ......... (3.4

3.1.7 EIrepmration of Standard Sodium perchlorate (§aClOa)
Golution
A known welght of X¥aClC. (B.D.H, G.P.R) was dissolved in
distilled water and standardized by gravimetric method as
follows: Z2cm® portions of YaClO. stock solution were taken in
preweighed Ttottles, dried at 105-110=C and cuoled in a
dessicator until constant welghts were obtained. The weights

cbtained after dryieg 2cm* porticos were used to calculate the

actual cpncentration of the spivtion.

5.35g of KIOx (B.D.H, Analar), previousiy dried at 105-
110=C and cooled in a dessicator, was accurately weighed and

dissolved in 250cu® of distilled water to give a 0.1H solution.

3.1.9 Preparation of siandar-d 0.1K codium thivsalphoke
{Ena=0a{}y) Golution
About 26g of Naz8205.5Hz0 (B.D.H, Analar) were weighed
and dissolved in ldo® distilled water. The solution was

standardized against 0.1K KIDs as follows: 20cm® of 0.1M KIOs
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ard 5co® of ¥-F:850« were taken !z a conical flask and a
saturated sclutfop of KI was added tc the mixture. The
liberated 1. was titrated against a portion of the NazS8z0a

solution usipng starch sglution as iadicator.

10:- 4+ ST 4 G --e--=d GI. 4 SHaD L.......(3.9)

Iz + 282067 ===} 21" 4+ B40e® iesieiald8)

3.1.19 Preparatiug of ¢.1K fodire (J22 Coluilcn

About 20 of 1odste frzo K! (2.0, Analar) were
dlzzoivad iz 30 10ca” ol Jdistiiled water iu & giass ctapped ldm™
graduatzd flask aud 12.%7g of icdine <«B.D.i, Aualar, was
Erzasferred  iato the concencrated KI sclution. The glass
stopper was lnserted lnto the flask and shaken !» the cold untll
2!l the lodipe cdissolved. ke solution was then allowed to
acquire room tempeizture and made up to the mark with distilled
water. [l was stexdarcized against KazS20, solutlon aud sept in

a cocl daik place.

3.1.11 Fliroe Reagzank (Coolislal

The vesgent was preparcd by dlssolving Sy of nitron
(B.D.F, G.P.P) lp S00cw® of 5% acetlc acid and stored in a dark
bot*1le. (The mmo-3cid base nitron, CaoHieWa, forms a fairly
irseluble crystallive ultrate, CaoHiuWa.HRDs, which was usad for

the quantitutiva deterninaticn of nitrates.)



The solutions of CHsCOONa, HCOONa, Na¥0,, Na¥Oz and
Na2504 were prepared by dissclving known weights of the
respactive salts in known volumes of distilled water. (The

salts were B.D.H, L.R. except NazS0a4 which was B.D.H, Analar.)

3.2 Stoichiometric studies

The stoichiometries of the reactions were determined by
spectrophotometric titration. Reaction mixtures containing
various concentrations of RuORu4* <(0.25-12.5 x 107°M) and
constant concentration of each oxyanion (1.0 x 107%M), (H*] =
0.05K, I = 1.0K (BrOa—, I047), 1 = 2.0 (S02*"), were allowed to
stand until the reactions bhad gone ¢Gto completion. The

absorbances of the solutlions were then measured at 650om.

3.3 Kisetic Neasuremenis

The rate of reaction of RuORu** with each of the oxyanions
(Br0a~, 104~ and 80s*") was studied by monitoring the decrease
in the absorbance of the dimer (RuORu<*) at 650nm. All kinpetic
measuresents were made under pseudo-first-order conditions, with
the respective oxyanions in more than 100 fold excess over
[RuORu**) at 24.0 % 1.0=C and T = 1.0M (3aClO«) for BrODs~ and
10a- and I = 2.0K (NaClOa4) for 805, unless otherwise

indicated.
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4.0 RETULTS

€.1 Sloichiometry

Tie epectrophotometric determinatiocn of the atoichicmetries
of the *hree systems did not yiald any rezalts. A1 tha
reaction mixtures zave almost the same absorbapces {rouw tha
measuiemnts takeu =2fter every 24 hours f(or a pesiod of 3
monthe. The di1fficulty ocpcountersd ip this respact may be
attribucted to tbe very high extinction cnefficient nf the oxo-
compiex (25,000 'cm ' at 680nm’. Becauvce of the iptense green
colour of RuORu** scluticns, there was no significant change ia
absorbance in *the presence of <Lhe low concentrations of the
oryarion= and so the determination of the stoichiometries was

unsuccessful.

4.2 Datermipation of order wlih respect Lo (BulRu®'l and FI0.7C1

Tha rates of the reasctione were measured under conditions in
which (X0.m°) wae at least 100 fold axcess over ([ RuORu4*].
Poeudo-first-aorder plots of lagfle - 4.7 vertus time wore lisear
to between 50 and A0% completinn af rasgting {2, ond A, are the
absorbaaces af the complex at tipe L 2pd th2 end of the reaction
raspectively.) Typlcal plols of threse systems are shown in
Flgures (4,1 ~ €.3). The linearity of exch nf these piots shows

that tha reantione are first ~rder in (EuNRyesv),
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Plots of logK... verzus logiX0."") were also linear with
slopes of 1.03 (Br0xz7), 0.77 (10.7) and 1.08 (80s*") confirming
that the reactions were also first order in [(X0."-]. Therefore,
the rate equatiun for =sach of the reactions is represented by

equation (4.1)

-dl RuQRu<" ]
o = Rl RoOBU**IIT0") cisesinsssnseis A1)
dt
where k. = Koba/[ X0m™"]

Koesx = Pseudo-first-crder rate constant

| 23 Second-order rate constant

The sscond-order rate constants, calculated from kz: =
kooe/[ XOw""1, were fairly oconstant, supporting first order
dependerce on ([(XOw"1. Typical plots of logk-we versus
loglX0.""]1 and the scecond-order rate constants determined from
these plots are given in Figures (4.4 - 4.6) and Tables (4.1 -

4.3) respectively.

For RuORu4* - Br0Oa~ systen,
k2 = (8.28 £ 1.56) x 1072X"'s~’ at [H*] = 0.01NX,

I = 1.0 (FaCl04), T = 24.0 £ 1,0°C.

For RuQRu** - I0.~ system
kz = 9.41 ¢ 1.20M 's™" at {H*] = 0.10X, I = 1.0N (NaClO«>

T=24,01%1.0°C
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{RuDRu7*]1 = 1.2 x 10-®K, 1 = 1.0K (¥aClOa)

P = 24.0 % 1,0°C rmax = 650nm

102[BrO="), K - [, N 105%Kobe, 8" 10%k2, X 'g™"
2.0 0.01 - 1.34 6.70
5.0 S g0 - B.4a 10. 86
6.0 0.01 - ' 5.39 - 8.98
7.0 S 5.34 - 7.63
8.0 - o0l 643 B.04
$.0 : 0.01 " © B.78 - 8.42
1.0 0.10 | 0.65 o 6.51
2.0 0.10 - 1.34 | 6.50
3.0 0,10 1,90 6.33
6.0 0.10 - 5.68 9.43
7.0 ‘ 0.10 4.26 - 8.08
8.0 ' 6.10 - 6.68 g 8.38

G9.0 ' ' 0.10 - 4.67 ' 5.19
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Tahle 4.2
for i1 tion of RuORu** apd 10a-
[RUORS*] = 2.12 x 105K, I = 1.0M (FaCl0a),
T = 24.0 & 1,0°C, amax = 650nm
104010.-1, -~ [H"),X 10°konm, S  kz,Moas™)
3.0 ¢ - 0.1 2.48 8.26
£.0 - - 01 3.93 9.93
5.0 0.1 . B.28 10.56
6.0 0.1 5.34 ~ 8.89
7.0 - - 0.1 8.17 11.68
8.0 C 0.1 o 7.94 9.02
9.0 0.1 7.22 8.03
10.0 0.1 9.69 9.69
20.0 0.1 16.20 8,12
3.0 0.1 30.90 10.30
0.0 0.1 31,21 7.80

- 50.0 co 0.1 48.50 9.69



[ PuDRu+*)

[ 8021, K

0.08

0. 07

D. 0%

0.190

0.20

0.30

0.490

T

4

1.6 T 109X,

24.0 £ 1.0°C,

(H"], K~

0. 08

0.05

0.05

I = 2.00KaCl04),

Anax = 690nm

10%kcim, 5
.61
0.43
1.40
i.72
2,72
3.53

6.20

1090z, a1
1.23
1.33
1.62
1.72
1.36
1.18

1.55
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and for RuORu4* - B0s*~ system,

(1.43 *+ 0.21) x 107X"'s™' at {H*] = 0.05X

k=

-
0

2.0M (FaCl0a), T = 24,0 % 1.0=C.

- (2 e

The influence of [H™! ou wae Tenen Wi {he rcactions between
each of the oxy-aniuis nud  NuORu™™  wes luvestigatea by
determining the rate constanis ju the acid range 0.01 - 0.50K.
(Roth [RuORu4*] ana LXGwm™ } ware kep. onctant at 24.0 % 1.0°C
apd 1 = 1.0M (NaClOa) for bids o 1y, aystama) sand T = 2.0K
(NaCl0.) for the 80s%  sysLem.’ The rete -mstapts were found
to be dependent om the Lydroges fon cencentration ir each case.
Values of the acid depenc.il vate mstants (ku) are given in
Tables (4.4 — 4.6).

Least squares analyses of plote of ko versus TH~!= (z = 2,1
and -1 for BrOs~, 10a" and 8- respactlvely) were linear with
an iptercept in each case. (Pigures 4.7 - 4.9, The rate

constants can thus be 1epreseunis=d by equation {£.2)
kv = a + biH"J* ....000n circgarace CRnEY
and the overall rale eguatl-a -an ne writton as;

-dl RuORu<~}
e =fm 4 DIE*1=)[RuORu4*ILNOm"™ J ceiiaenn 4.3)
dt
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Tzble 4.4 |
md_depgndent.mhe_gnnsgma_mn_the_nemm_ﬂi
RuQRu2> and ErQa”

[ RuORy4+} = 1.é ¥ io-ﬂn, [BrOs~1 = 0.08%

I = 1.0K(NaClO04), T = 24.0 £ 1.0°C, xmax = 650nm

[HY), M ¢ 10%Kona, 870 ) 102ka, N1

0.01 . 4.34 - 5,43
0.03 4.65 . B.81
0.04 : . - 6.36 . 8,70
0.05 ' 5.30 - 6.63
0.06 : 6.12 ' 7.65
0.07 6.30 7.88

0.09 - 7.04 9.55
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Table 4.5

Acld dapandant rute constants for the oxidation of RuQRu*"_hy

{ RuORu=*) = (2.12 x 10"*M, (I047] = 5.0 x 1074N,

I = 1.0K (NaClO4), T = 24.0 % 1.0%C, mwax = 650nm.
[H*], % 10%kope, &' ka, N '™’
0.01 3,88 7.76
6,02 4.77 9.54
0.03 4.23 11.40
0.04 6.08 12,16
0.08 7.37 14.5&
0.07 7.73 15,46
0.08 7.78 15.56

0.00 4.89 17.78
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lable 4.6

dcld dependent rate constants for the reaction of

o -
[RuORU**1 = 1,6 x 10-SN, {50s2-1 = 0.10K,
1 = 2.0 (NaC104), T = 24.0 % 1.0°C, Xmax = 650nm
[E*1, X | 10%Koom, 5™  10%ks, ¥'s
0.03 | 1.46 . 1.46
' D.05 - 1.25 . 1.25
0.07 1.13 . 1.13
0.09 - 0.80 0.80
o0.10 - 6.37 N N
0.20 0.51 0.51
0.30 - 0.31 - 0.31
0.40 0.45 0.45

0.50 a ' 0.44 ' ' 0.44
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Figure 4, ,7;: P}ot of kH versusg Z7H+_7 for the redox

ancti.n bet ween RuORuk* and Br0;
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a and % ara intercept and slope respectively, whose values are

giver bolaow for each of the systems at 24.0 & 1,0°C.

a~ 553 x 10=N'g", b = B.0§¥3c"

at 7 = 1.0M (BaClCa), [H™] = 0.01 -~ 0.00M.

BulQRu** - 104 syrtom
a= 7.7 ', b= 1,13 x 19?¥ ¥g!

at I = 1.08 (RaCl0a), [H*]1 = 0.1 - (.5X

E!IQR”:L-! — m'z_ .Ei:‘:‘lt ,“
a=3.4x 10740 g, b = 6.37 x 105

at I = 2.0K (NallOa>, [H™) = Q.03 - 0.50X,

4.4 Effect of added anions on ihe rates af the veactioms uf
RuQBu®* and X007
Eeeping the concentrations of all other reactants constant,
(I = 1.0¥ {for BirOz" and IC4~, mnd I = 2.0¥ for S0+="), the
effect o©f wsdded anions on the rates of the resctions was
investigated for (X~] = 0,008 - 0. 05K (X = HCOO—, CH.CO0~, HOQa-
apd NO2~). (From preliminary Investigations, the added anions
have been shaown not to react with either the complex or
oxyanions.? The anion dependant rate constants (“k») are glven
in Tables (4.7 - 4.9).
FThe rate coastants for RuDRu4* - Brds~ and RuQRu** - 8Qa=—
reactions were found to increase while those uf RuORu4t - I0L™

decreased with lncrease in the concentrations of the appropriate
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Aniop-dependent rate constants (~k) for thke reaction

{RuCRu4*} = 1.2 x 10~=N, [BrOs~1 = 0.02K

I = 1.0 (KaCl0a)>, T = 24,0 % 1.0°C, )max = 650nm

(H*1,X  10%(X-1,X 10%Kape, S 10%%k2, ¥~ 5
I = HCOO-

0. 05 0.8 . 1.5% 7.75

0. 05 1.0 . 1.78 | 8.9

0.05 2,0 | 1.4 ': 7.20

0.05 3.0 1,63 8.15
I~ = NOa~

0. 05 1.0 . 1.08 . 9.65

0. 05 2.0 2.18 | 10.90

0.05 8.0 - 2.30 11.50

0. 05 5.0 Y 11.25
Y- = CHyCOO

0.05 0.8  3.14 15.70

0.05 2.0 3.39 16.95

0.05 £.0 ' 4.09 20.45



Iobin 4.8

Apicu-dependsnt rate constapts {(*k) for the reaction

-5 had

[RuOTu**) = 2,12 x 10-%N, {I0as") = 5 x 104X, I = 1.0¥ (NaClOa4>,

T=24.0 % 1.0=C rmax = 650mm

[H*],X [x-1,M 10*kobw, 8 k=, B V8™

I- = 102 HCOO]

0.05 0.7 . 3.21 6.42
0.05 0.9 . 3.28 6.56
0.05 1.0 3.05 | 1 6.10
0.05 3.0 - 2.06 ' 4.12
0.05 . 4.0 C 2,01 . 4.02
0.05 5.0 1.43 2.86
I~ 102[CHsC00™)
0.05 2.0 3.11 . 8.22
0.05 . .. 3.0 3,04 ~ 8.08
0.05 - 6.0 1,75 3.50
0.05 8.0 1.56 _ 3.12
0.05 10.0 1.17 | 2.34
I~ = 10*[§0s~}
0.05 0.3  3.63 7.26
0.05 0.5 3.57 7.13
0.05 - 0.9 . 3.47 o 6.63
0.05 2.0 : 3.29 6.58
0.05 6.0 2.91 5.83
0.05 8.0 3.00 6.00

0.05 " 20.0 : 2.06 4.12
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Anlon-dependent rate copetants. <) for the reagtion
of . BuQRu2* and 80227

[RuORu**1 = 1.6 x 10-=N, [80=*"]1 = 0.1K, I = 2.08 (¥aCl0a),

T =24.0 % 1,0°C, asax = 650nnm

[H*1, X [xix 104~kune, 8 102>k, K- 's™"

X = NOs~

0.05 0.01 0.07 0.07
0.05 ©0.08 - 0.84 - 0. 84
0.05 0.05 1.10 1.10
0.05 0.10 1,25 1.25
0.05 . 0.20 1.5 1.75
0.05 0.30 2.30 2.30
0.05 0.40 2.69 - 2.69

. x- = HCOO-

0.05 0.10 1.85 © 1.55
0.05 0.20 1.54 - 1.54
0.056  0.30 - 1.04 1.94
0.05 0,40 2.8 - 2.16

0.05 ' 2.50 - 2.54 - 2.b4
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zéded =2plons.  Plots rf <k: versus [X7) for BrO»~ and 80s* and
v, wvereve (YY) for 10" rescticns were lirear (figures 4.10
~ 4.16) wnd fittel? equations (4.4) and (4.5). {(~k= = anion-

dependent second-crdar rate conatants,)

ke = p 4+ qiX), (BrO:~, 802*) ....uvnn.s 4.4)

1=k = p+ qfi¥7). (1047) \ TR 4.5)

Vhere for RulDRu** - BrD.-

P(CESCOT) = 0. 14N 's=), q(CH,000-') = 1. 58K 's™?

p(W0a = 9.80 x 102K e~ q(WNx™) = 0,37 3g™!

{RuORu®*} = 1.2 x 10°%X, fBr0-"] = 0.02X, [(H*] = 0.05X

I = 1. 0M (FaClQa) and T = 24.0 + 1.0°C.

For RuORu** - 10.",

c

S

2
]

-0.25Ks, q(RCOO~) = 19.27s

p(CHzC00) = 7.80 x 10-2¥s, q(CH,CDO~) = 2.23s

p(NO= ) 8.%0 x 10 3Mg, ¥~ = 1.42s
[PuORu4*] = 2,12 x 10°%N, f1N,~]1 = 5.0 » 10-4N, (H*) = 0,05N,

I = 1.0 (NaCl104) and T = 24 0 £ 1.0°C,

and for RuDRBper - 8N.2~

p(EC.") = 6.60 x 10-4M-1g=7, (02

5.24 x 10->K2g™

p37) = 1.16 x 107N '¢™", a(NO.") = 2.56 x 10-°K2g~'
(RuORu**1 = 1.6 x 10-%N, [80,2-) = 0.1¥, TH*) = 0,05K

I = 2.00 (NaC10.2 and T = 24.0 + 1,0°C.
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4 5 Lcotivation persuelers for BuORui™ - Beldy” sysiax

The rate of ihe reaction between RuORu** and BrOs~ was
measured at various tempeoratures and the plot of log(kz/T)
versus 1/T was cobtalined (figure 4.17), from which the activation
parametras were calculated. The valuee of tle rate constants at
differant tenperatures and the activation parameters are given
in Table 4,107, (Aclvation parameser studies could not be
carried out for other systems due to the break down of the

thermostat attached to tae spectrophotometer.?

1.6 Toesis for dnlorzedlaisc. complex

4.6.1 Spectrophotomsiric tesi

These measurements were undertaken to find out whether a
spectroscopically detersinable intarmediate compler was formed
betwean the RUCRu4* and weach of tha oxyanlons during the
reactions. sclutions of the reactants were mixed and their
spectra recorded after one minute in each came, cver a range of
wavelengths (600 -~ 7001w, A similar run was made for the
compiex =alope. From tha spectra (Rigure 4.18), there is no
appreclable shift 1n wavelength from 660nm for the Br(=— and
[04~ systams but there {s a 10um shiff in the case of the SO0x*~
system. This suggests that an interpediate complex ig formed in
the reaction between Rullu4* nd S0-*", although, the
possibility for the formation of such cannot be ruled out in the

sther cases,
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102 Vp, k-1

3. ?0 3. 3.5 3.140 31.45 3. 50 3.5.
! L I | | f
¥
=370 4= N
[ RuORu™® 7 = 1, 2x1077M
i [Broj _7 = 0.)8M
375 4 Z--}wl+ _7 e 0,05M
I = 1.OM (NaC104)
-3.&)--
-3‘85-P
=3 004
"’30.95-1-
-Q.OO--

Figure 4.17: Plot of log [kz/’f‘) versus 1/’1‘ for ~he

reaction of RuORu“‘ and Bro} ions



T

-yl = e e <

{RuDRu<+} = (1.2 * C.1} x 10~-%¥, [E*] = 0.0%K,

I = 1.0K (NaClOa?, awax = 650nm

[BrOs7] 0 1 - 10%Koom,s”' 102z, K-'s™?

0.05 - 1.6 - 1.76 ~ 3.52
0.05 o 20.4 - 1.81 3.64
0. 05 248 2.32 4.64

005 - - 208 - 2.70 © B.40
0.08 | 14.6 2.25 2.81
0.08 20.4 : 2.59 3.24
0.08 248 44 5.51
0. 08 29.8 - 4.47 5.86
AH* = 21.06KJmol—?

AS™ -168,.27 mol %}

1

»Values obtalned at 24.8°C, [BrOa~] = 0.08K



78

*SUOTIOUD L B3 JO UOTIPTITUT [0 3WII Yyl woixy

ajinutw [ 32 PIpJIODaL SIINIXTW “Ox\ ¢313:x Jo eajoade :gl *y @u:zﬂm
(mu) yirfusraavy
00L 069 cg9 -9 059 059 o%g 0€9 0cH (] 009
L L L 4 | | N | N { .
T | 1 1 I 1 I L 1 i |

€
|aom\+4=mo:m =

mon\4¢=:osm -

€

0z, nyony =

%0

£

—— m.o

223uvqiosql



79
4.6.2 Nichaelis-Nenten Plot
Least squares analyses of the plots of 1/kKene versus
1/{X0.""] gave straight lines and are represented in Figures
(4.19 - 4.21). For the BrOs~ system, the line passes through
the origin while the 10.~ and S50s:*~ systems have insignificant
intercepts, which suggest the possibility for the formation of

an intermediate in the reactions involving I0.~ and S0-*~ ions.

4.7 Product Amalysis
Hints about the possible pathway for the redox reactions of

RuORu“** could be obtained from the isolation and characteriza-
tion of the products, but in this work, only spectra of the
reaction products were obtained and these are presented in
Figure (4.22). Because of the absence of available data on the
possible products, it was not possible to identify the

individual products in these reactions.

4.8 Stability of RuORu**

The absorbance of the solution of RuORu4* was monitored
over a period of more than 3 months and no significant change in
absorbance was observed. Similar process was carried out for
the RuORu“* in acid (0.01 - 0,1M), in the presence of both acid
and some anions and similar results were obtained. This shows
the stability of the complex in water, acid and in the presence

of both acid and anions.
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heO <+ [ﬁuORu“’*]- 2.12X10" M

/' = 0.1

I = 1.0M (Nm:lo!.}
3.5 g

300

2.5

2,0

1¢5

O« 5

—r

3.0
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. . 1 L3 o
Fiqure 4,20: Michaelis-Menten Plet ( /kobs Vs /[10&_7)
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Chapter ©

5.0 DISCOSSION - -

-

5.1 RulRu*> - Br(s~ Systenm
From kilpnetle studies, the reaction between RuDRu** and
BrQ)a— bhas beer showan Lc have fivst order dependence on each of

the reactant cuncentrations as illustrated by equation (5.1).

=d[ RuORu=*]
-------------- = k={RuORu4*1{Brla"} ..........(5.1)

Under the sxperimeutal conditions employed in this study, kz was
evaluated to be (8.28 £ 1.%6) x 10~=*N"'s™' at 24.0 % 1.0=C.

The vate of oxygwn exchange and redox reactions of many
oxyanions bhave Dbeen reported +to depend strongly om  acid
concentration [(Birk and Xorub, 1973, 1673; Basolo and Pearsosn,
19681. In this study, the rate of reacticn exhibits 2 second

order dependence an [H"],

-di RuQRus*]
——————————————— = {a + bLH*1I®]I{RuOBu*+*}[Briz-]1 .......{6.2)

The stability of the oxp-complex in both agueous and acid media
indicates that +the dimer cannot be protonated and the [H*]

dependence is atirlbutad to the protonation of BrGa~ ion [Melvin
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and Gordon, 19731, This is in keeping with the fact that the
(§*]2 term commonly encountered in reactions of BrOs~ has been
attributed to the formstion of HzBrOs®, which reacts with the
reductant in the rate determining step or dissociates to Hz0 and
BrOz*, prior to the rate determining step [(Birk, 1973, 1978;
Birk and Kozub, 1973, 1978; Thompsum, 1971; Thompson and Knight,
1973]1.

The reaction scheme proposed below reasonably accounts for

experimental results.

k,

BrOa- + 2H*=———>HzBrOs* (or Br0z* + Hz0) ...... (5.3
k-
k=
HzBr0s* + RuDRu4* -—-==-=-- Y Product® ..:cocesrnncace(Bd)
k=
BrOs- + RuORu2** --——————= > Products ........ censnes {85.5)

(The identity of the products in equations (5.4) and (5.5) are
not specified because the products of the redox reactions have
not yet been identified).

If the steady state approximation is applied to reactions (5.3 -
5.5), the rate of disappearance of RuORu“* may be expressed by

equation (5.6).

~d{ RuORu“+*] k1 k={ H*12[ RuORu**1[BrOs~1
___________ = -== + ksl RuORu**1[Br0s~] ..
dt k-1 + kz(RuORu“*] ca e vesaenyn g OF




8o

If k-1 »> kz[RuDRu**] then,

~df RuDQRu4+}

= {kﬂ + Kkﬂ[ H*]Q}LRUDRU"H’][BI-DQ'] R e 0T
it

£ = ki/E-+ 1s ga 10-"'¥ [Birk, 1678]

Rquation (5.7} is analoguus to equation (5.2) consistent with
plot of kowe versus [H*] (figure 4.7), with ka = a and Kkz = b;
a and b are calculated to be 5.53 x 10-2K7s"' and 5. 09N-3g™!
respectively at 24.0 * 1.0°C. | |

One of the most important questions in BrOz~ reactlons is
whether the acid dependent and independent paths occur by the
~inner- or outer-sphere mechanism. In some cases, the reaction
has been interpreted in terws of parallel outer- and inner-
sphere pathways, with the acid independent path occuring via the
outer sphere machanism. The occurence of the inner sphere path
ip such reactinns may be attributed to the displacement of water
molecule from HzBrQOx*, which leads to the formaktiom of a
binuclear species containing the reductant and BrOz* (Birk,

19731, In other cases, two parallel outer gphere paths have
bael pYOpUEEﬂ, as i1 tie reductics of Br0s™ by same Felll) and

Co (I¥) complexes tBirk and Kozub, 19781.

in this present study, the experimental results are mors in

r sphere mechanlsm. For example, the

support of the oute

lectronic gpectra of the solutians contalning mixtures of
slectr

ar shift io the »mox of
RuORu4+ and Br0s- did not chow a cle

Bu u
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also lineay without an  intercept. These observations support
the absance of spectrophotometric and kinetic evidence for
intermadiate oowolex formation duriag the reaction, suggesting
that the reaction nccured by the nuter sphere mechanism { Prakask
at al, 1979; Ayo&c. 1838581, I |

Further support for the outer sphere mechanism is evident
from the catalysis of the rate by acetate and nitrate ioms
(Tabls 4.7), since anlon catalysed reactions are thought to be a
characteristic of outer sphere reactions [Adegite et al, 1977;
Przystas and Sutin, 1873; Pennlng and Haim, 18671,

Although, there seems to be no direct relaticnship betwesn
activation parameters such as AH", AS*, aG™, ete, and the type
uf mechanism, they can throw some light in support of or agalnst
a particular mechanism. For example, negative value of aH"
(ali* < 0> shows the preseace of a precurser characteristic to
the 1inasr sphere mecbaniem [(Wilkins, 19747, Therefore +the
positive wvalue of AH* (21.06 KJmol~') for this reaction is
thought to be an additional evidence in support of the outer
&phere maechanlsm.

It appears that the absence of spectrophotometric and
kinetic evidence for intermediate complex and anion catalysis of
the rate, favour the ocuter sphere mechaniss for both pathways in
the reaction. In this respect, the reaction is similar to those
cf BrOs~ with some Fe(ll) complexes, IrCla*- and Co*3¥ {Birk,
1978; Birk and Kozub, 1978; Ayoko gt al, 1989]. The rate
constante obtained at 25°C for those reactions as well as the
redox potentials of the reductants were compared with

corresponding values aof the prasent system (Table 2.3), Unfort-
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ynately, the absence of & definite redox potential for the
[Ru?33QRu*3r}s+ wome- > [Ru*™ORu'1%* couple prevents the

application of Harcus type of correlation to 1his reaction,

5.2 RubDRu*> ~ 104-_sysien

The firast-order dependence on each of the reactant
(concentrations) 1s commen 1n the reactioos of JT0.~ fan [El-~
Eziri and Sulfab, 1977; TBassim and Sulfab, 1977), and has baen

observed iu this present systemn.

~d[ RuORu4*)
-------- em———— = kz[ RUURU'“"']( 104-l] EEEEE R {ﬁ: a)
dt

First ardar dependance on {H*! has alsa featured prominastly in
104~ redox reactions with some metal lon complexes [Ige and
Amire and references therein, 1985; El-Eziri and Sulfab, 1977;
¥assim and Sulfab, 1977]. This type of (H*: dependence was

observad in this present study and related to k= as folilows:

k2=a+btﬂ+l R E R R N R (5.9)
¥z 5 9.41 = 1,205, [H*] = 0,10 - 0.50X
I = 1.0M (NaClGa), T = 24,0 1 1.0°C

This suggests the existence of two parallel pathwairs for the
reactiop, dnvolving a protopated and an uaprotonated species,
both reacting to form products. However, the protonated path
has been shown to predominate (Kelvip and Gordon, 1973; Birk and

Kozuh, 19781,
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v aquenus sclutions, pericdate exists ae Hsl0s, HelOe™,
H3102~ and I0.— [DBenspn, 19681 and forma s set of aquilibria
1llustrated by equatimne f2.20 ~ 2.73) 1p chapter twn. Howsver,
Hal0e~ and 19+ 2re the domlnant and resctlve gpecles in acid
(pR 4.2), I = 0.1X [Xustin anéd Lisberman, 1964}, Kessim anpd
Sulfab (1977) have earlier attributed the first order dependence

on [H°} to the equilibriuvm below.

104~ + H-E======2HID.

Taking into copsideration the rapid squilibrium below

(B8] + L° o=yl

where L~ stands for total periodate (HsIDs~ and I047), and the
results of this ipvestigation, the followlng reaction scheme is

propoged for the RuORu#* - 104~ system.

Ey _
B 4+ ==L ,..vvevers. (5,100
X,
k= _
RuCRus* + HL -~ > Products .......¢5.11)
ka

RuOBu®* 4 L=  =emmam— > Products ...... 5.123
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The application of the steady state approximation to eguaiions

(5.10 ~ 5,12) leuds to equatlicon (§.13).

—d{ RuORu4+!} k1 kAU [ R40Ru4~ILL-]
e T + kol RuORUS+1{L-]., (5, 13)
dt, kv + lez[ FuDRu<-]

Provided k-1 >> ke[ RuDRu4*], equation (5.13) reduces %o esuation

(B.1%)

=di RuCRu*"i

= {ka + Kka{ " ]1}ERUORU*IIL"Y uvvvues B.14)
g

K = k'l{k--'l

Equaiion (5.14) is analogous to equation (4.3 which |is
consistent with tha plot of kows varsus (H*]1 (Figure 5.8), whera
a = k» and b = Kkz. Under the ewperimontal conditivns emplaoyed
in %his investigation, a and b are computed to bq 7.79K s and
1.13 x (07N "' reapactively at 24.0 & 1.0°C,

Mozt of the 10« oxidation rezctions so far studied seem tg
prefatr the inner sphare mackanism {(Bulfadb, 1676; H1-Eziri{ and
Bulfaw, 1977; Kassim and Sulfab, 1977; Sulfad and Abu-shady,
1877; Al-Jalial apd Sulfak, 1983). This mechanism has been
confirmed by the ldentification of Coi*! intermediate products
in the reactions of Co*fcowmplexas of RDTA, HEDTA and FDDA
[Sulfabd and Kassiw, 1877, 1981). JMore receatly, Ige and Amire
(1985) have repcried the oxidation of Fe(Phen)z** to ocour

slmltavesuely vip both inper- and outer-sphere pathwmys: the
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foraer occuring by & single-step two-electron transfer at low
acid (0.02 - 0.15X; and the later via two single-electron
transfer at high acid .2, The preferaace of the inner
sphere patk Uy most Fe(ll) complexes towards 10«4~ can be
attributed tc the wvery labile nature of Fe(Il) where
substitution {utu its laner coordination shell is very likely,
with the ICs  oxygen(s) actlag as bridging atom(s) [El-Eziri and
Sulfakb, 19771.

in this study, the Michaselis-Menten plot (Figure 4.20) has
an insignificant intercept suggesting the possibility of the
formation of an intermediate as in the ianer sphere mechanisa.
In an effort to confirm the presence of an intermediate in this
reaction, the electronic spectra of solutions containing
mixtures of RuDRu®* and 104~ were run. There was no clear shift
in amax of RuORu“#* (Figure 4.18), which suggests the absence of
an intermediate and therefore the reaction is most likely to
occur by the outer sphere mechanism. Although this evidence
does not completely rule out the possibility of the formation of
an intermediate, the inner sphere pathway is not a major route
for the reactioca.

The occurence of the outer sphere pathway is supported by
the inhibitive effects of formate, acetate and nitrate ions
(Table 4.&) on the rate constants of the reaction [Pennington
and Haim, 1967; Przystas and Sutin, 1973; Adegite et al, 1977].
In keeping witk the experimental results, the outer sphere

mechanism is hereby proposed for the reaction of RuORu“4* and
104_.
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5.2 DulRwer - 8D.7" systen
Like withk other systems considerad in this work, the
RuORu4~ -~ 8022~ reaction exhibits first-order depsndence on each

of the reactant concentratlions.

-4l RuGRi4~] : '
= kol RuOBu4+I[803-) ... vvnvnvae.. (85,15}

dt

Inverse acld pathways bave featured vrominantly 1n most kinetic
studles of ascorbic acid with some metal complexes [Pellizzetti
et al. 1976, 1078; Adjad et al. 19771, S8imilar Jdependence has
alsa heen ohserved for PtCle®™ - 80x% system {Sen Gupta, 19871
and in this presént systen. Thus, .

-d[RuORu**)

e = {& + DIH*]=1}I RuORU4*1180x%-1 ... (5.186)
dt

Under the oxperimenta]l conditlops, kz, a and b have besen
calculated to be (1,43 * 0.21) x 10-¥¥-e-?, 3.40 x 10-<N-Ya™?
and 6.37 x 10~®g™' resvactively.

The inverse [(H') dependence bhas been attributed to the
squilibrium system illustrated by equation (5.17), which is said
to exist fin aauecus salution of 802 ions [Stapp 2and Carlyle,
1974; Dennls et al, 1983; Sen Gupta, 1987). (The meior spacies

in aqueous sclution being HSDa™.)

: X -
80s%~ + H eS80 S——"HOS0z ........(5.17)

I 11
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r=1.0x 10 7.

The decrease in rate ccastants with increase la [H*] shows that
the E0.%- iun ls moch more reactive than HSOu™ lea. The lowar
reactivity of HSO.~ iont has been pttributed to the fact that in
I, the lone pair of electrons is held up by the H*, while in II,
the =lectron density will be witlkdrawn from the gulphur atom by
the ¥* ion [Coanick ef al, 19821. Equation (5.16) alsc reveals
two parallel pathways for this reaction inmvolving HSDs~ and
S0s* spucles. Poth pathways can occur by by ilapner sphere or
the outer sphere or simultanecusly via both inper sphere and
outer sphere mechanizms [Ige and Amire, 13851,

Moot oxidation reactions of S0s®~ are belleved to proceed by
the inper sphere mechanism, For example, the reaction batween
E0s*~ and Fe{CH)s® involves the intermediate {Fe(CR)a-80z14",
with the subsequent formation of 80.*~ [ Yaprek-Siska and
Vagnerova, 1965; Veprek-E8iska et al, 19661. In this present
system, apectrophotometric measuremcntes (figure 1.18) suggest
the presence of an lntermediate which 1s confirmed by the
intercept vbtalned on the Nichaeclis-Nenten plot (figure 4.21).
Based on this evidence, a resctior scheme consistent with the

inner sphere mechanism is proposed below,

:__-—_\ _
H80y~ ==—————— H* + B80=*" cereaaaea (8,180

80s%~ + RuORu?** -———==~— > RuDRu.S0z2+ ......{5.19)
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RulRu,. 80,2 + 802~ ————- > Productse .......{(B.20)

RuOBu<+* + HS50z~  ———==w===- » Products ........{5.21)

Applying the steady state approximation to the abuve scheme,

equation (5.22) is obtained.

~d( BuQRu*+} k1kz[ EnORe+*1[ FS0-"1
e ® mmmm e am ==+ k4l RUORU4*1[ HS0a"]

dt EA[H"] + 2Ez[ReQRu*™) . ......  Boz2)
If k-+T{H"] >> 2k=[ RuCRu4+],

=d[ RuORu“"1

—————— e = {Kg + Xkl H*I ' ERWOBUS*ILESOa~) ... 000 (5,23
dt

K = kr1/Ek-y

Equations {5.16) and (5.23) are sizilar with X« = a, ¥Tha = b,

Howevar, the outer sphere paths rave alsc featured ia the
reactions of S0a*~ with Mo (CH)e®" and VK™ [Dannis al ul,
1983] and IrCle* [Stepp and Carlyle, 1974}, Tk svidence for
the occurence of the outer sphare mechanizm in thiz present
system 1s obtalned from the mnion catealysis of tha eaction.
Therefore an alternative reaction secheme is alsc proposed to
accomodate the outer sphere path as follows;

ke

AS0-~ &==——=2H+r 4 JZ005" ,vrees...(5.18)

¥.g
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S0~ + RuORus* ———=-—— % Products .......(5.24)

HE80s— + RubRus* -—————-- > Products .......¢5.2%)

' hpplying steady state approximation to eguations (5.18), (5.248)

and (6.25), will lead io equatiom (5.26)

-d[RyORu4*]  kake[ HSOa~1{ RuORu**] |
- = cmmme— o o + ¥l HSOs~1{RuCRu*+1. . (5.26)
at k_a[H*1 + kel RuORu4"]

" provided that k-s{H*l >> kel RuORu**J,

-df RuORu=+]

——————————— = {k, 4 Kke[H*1-*)ESOa~1[RuORu*"] veaneas (5,27

K= Eks/X-s

Equation (5.27) is also gimilar to equations ¢5.16), (k» = a,
Kks = b) and (5.23)

The two reaction schemes proposed are consistent with.the
experimental results and therefore the reaction between RuORu**
and S0»*- can be sald te proceed by both inner and outer sphere
mechanisms similar to that between Fe(Fhen)a™” and 104~ [Ige and
Amire, 19856). An unaguivocal statement on which of the two
pechanisms predominates will awalt further work on the oxo-

complex.
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5.4 Summary and Conclusion

The redox reactions of the synthesized oxo-bridged complex
(RuORu**) were studied with BrOs~, I0.~ and S0s*~ ions in
aqueous perchloric acid. The rates of these reactions showed
various forms of hydrogen ion dependences, characteristic of
most oxyanion reactions [Birk and Kozub, 1973]1. For example,
Br0Ds:~ ion showed second order, 104~ had first order and S0x*~
exhibited inverse first order dependences on [H*]. The rates
were also influenced by the presence of some added anions. For
example, in the BrOs~ and S0s®~ systems, the added anions had
catalytic effects on the rates while an inhibitive effect was
observed for the I0.~ reaction.

The experimental results obtained for the reactions of
RuORu4* with Br0Os~ and 104~ were in favour of the outer sphere
machanism and therefore the mechanism was proposed for each of
the two systems. However, in the RuORu#*-S0s*~ system, the
experimental data provided evidence for the occurence of both
inner and outer sphere mechanisms and therefore two reaction
schemes were proposed accordingly.

Although these reactions show some similarities, the nature
of a particular oxyanion gives its reactions some characteristic
properties. For example, S0s*~ ion has been shown to exhibit a
weak intermediate complex formation [Veprek-Siska et al, 1966]
and in this present system, the presence of an intermediate was
confirmed. In ancther example, the rates of reactions of

oxyanions derived from large and or less highly charged central
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stome are fastar +than those from small and or highly charged
atows "Edwards, 1954; Baloga and Farley, 1963). This trend was
nheprved tn the +itlad reactions in this work es follows;
E2(704") =0.41%"'s~1 > k2(BrD>~) = 8.28 x 1072X"'s™' > ka(80:*")
= 1.43 x 107*K"'s™".

For the Br0Q.~ system, the activalion parsmeters were
deterntined avd the values are as follows; AE™ = 21.06KJmol~' and
AS™ = -198.27JKk"'mnl~'. (This determination was noi carried out
for the ~ther systems duve to breakdown of the aquipment.) The
irtermination of the stoichiometries of the reactions did not
vicld sny results because of the very high extinction
coefficient of RuDRu<~, Similarly, the isolation and

tdeptification of the redox products have not been possible.

5.5 GSuggestions far further work

For better understanding of the redox reactions of this
complex, more work should be carried out in the fnllowing areas;
(1) Jeolation =and identification of the products of the
reactions.
(11) Stoichiometry and kinetic stability of the complex.
t111) Datermination of the redox potentials nf tha oxo-bridged
complex 1.e for [Rul?I0QRyffi}4r --==> [Ru*VORu*v]®* and

fRu***NRy**7114* ——w==) [Ru?*0Ru?*}2~ couples.
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