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Abstract: The kinetics and mechanism of the electon transer reaction of diauotetrakis(2,2 -bipyridine)-p-

oxodiruthenum(lll) ion (hereafter denoted as Ru,0* or [(H,0),R1,0T") and dithionite ions (S,0 Az() has
been stulied in agueous mediumat ionicstrength, I, =0.5 ol dm™® and temperature, T = 311 °C. The
staichiometry of the reaction was found to be 1:1. The rate of reaction showed first order kinetics with
respect to [Ru,0*] and [S,0 i_] respectively,secord order overal. Rate equation forthe reaction has bea
proposed as; AI((H20)2RUZ0* /et = kope[ (H20)2RUz"] = ka2 [((H20)2RuZ0*T[S2047] . Varying I and dielectric
corstant, D,ofthereaction medium had no effect on thereaction rates, whilefreeradicals were not deected
in the course of the reaction. Product analysis revealed [(I-|20)2(bpy)2Ru]2+as the redudion product of
[(bpy),(H,0)RUORUH,0)bpy),]**. Spectrosopic evidence of formation of steble intermediate complex
was lacking which, n addition to absence of irtercept in the Michaelis — Mentenplot and catalysis/
inhibition ofthe reaction due to added ions, suggest the implication ofoutersphere mechanismoperating n

thereaction. A plausible mechanismwas proposed.
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Introduction

Pdypyiidyl complexes of utheniumwith aqualigands are
usal extensively for the oxidation of organic substrates
and multiple oxidative pathways have been detected
induding atom transfer, C — H inserion and proton
cowled electron transfer (Lebeau and Meyer, 1999;
Catalano et d., 2000; Rodiiguez et d., 2001; Geneste and
Moinet, 2004). The catalytic oxidation of water and
chbride  wih diﬂuotet.ralds(Z,Z’-bip/ridine)-u-
oxodiruhenum(lll) ion, atherwise known a the blue
dimer, was reported by Meyer ard his co-workers (Gersta
et al., 1982; Gilbert et al., 1985). Hecton transfer
reactiors of  diaguotetrakis (2,2 -bipyridine)-p-
oxodiruhenum(ll) ion and vaious reductants have been
studied and various mechanisnms have been proposed br
the reactions (lyun & al, 1992a, 1992b, 1992c, 1992d;
Ayoko et al, 199, lyn ¢ al, 1995a, 1995b, 196). A
further invedigation into the redox behavior of the dimer
with other reducing agents is necessary, conddering the
versatilty of the dinmer. Dithionite, as a strong two-
electron reducing aget, is very suitable as a bleaching
agent aswel as Dr chemicals manuficture (Hamza et al .,
2012) and as a biochemical reductant (Mayhew, 1978;
Davis and Lawther, 1989). Dithionite oxidation has been
usa to measure oxygen transfer parameters (Camacho et
al,1997) and is gudid only athigh pH values because of
itsrapid hydrolysis at pH below 10 (Read et al,, 2001).

Materias and Methods

Materiads

Diaquotetrakis(2,2 -bipyridine)-u-oxadiruthenium(ll)
perchlorate was syrthesised according to literature
(Weaver et al., 1979). The other reggents include sodium

ditionite, sodium thiosulphate, sodium perchiorate,
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magnesum chloride, anmonium chloride,sodum acetate,
sodumformate, acrylamide, acetoneand nethanol.

Methods

A 3.0 x 10 mol dm® stock sdution of the oxobridged
ruthenium dimer was prepared by disolving 383 x 1029
of the synthesized conplexin a 100 cm® volunetric flak
and making w tothe mark.

2.0 mol dm?® stock solution 0fNa,S,0, was prepared by
disolving 316 g of N&S,0,(Sigma-Aldrch, Analar
grade, 85%) in dstilled waterin a 100 cm® volumetric
flask and making up to the mark. Its accurate
concentration was determined by iodometrictitration using
starch a indicabr. A 20 mol dm® of NaClO, wa
prepared by dissolving 24.5g ofNaClO, (May and Baker,
Analytical grade, > 98.0%) in distilled water in a 100 cn?
volumetric flask and wlune nmade up to the mark. The
soltions were standardized gravimetrical ly.

A 2.0 mol dm® stock solution of MgCl, was prepared by
disolving 190 gof MgCl, (Sigma- Aldrich, Analargrade
989) in distiled water in a 100 cm® volumetric flask and
volime made to the mark in a 100 cm® volunetric flask.
Thesolutionsobtained werestandardized gravinetrically.

NH,Cl gock solutions of 20 mol dmi® concentration were
prepared by dissdving 107 g of NH,Cl (BDH, Anaar
grade 9.5%) in a 100 ecm® volunetric flak and the
volume made up to the mark. The solutions were
standardized gravimetrically.

Stock solutions of CH;COONa (May and Baker, 9.8%)
of concentration 2.0 mol dn® were prepared by dissol ving
164 g of thesalt in distilled water in 100 cm® volumetric
flasks and the vdumes made up to the mark. Accurde
concentratiors of the sak sdutiors were deteminel
gravimetricaly.
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A 2.0 mol dm3stod solution of HCOONa was prepared
by disolving 136 gofHCOONa (May and Baker, 99.5%)
in 100 cn?® volumetric flasks with distiled and the
volumes made to the mak. The solutiors were
standardized gravimetrically.

The stoichiometry of the reaction was ddermined by
spectrophotometric fitration using the nole ratio method
(lyun and Adegite, 1990; Vaidya et al., 1991; lywn etal.,
19923 19%®b, 1992¢, 1992d, 19954 19%b, 1996; Ukdha,
1999; Ukcha and Iyun, 2001, 2002; Ukoha and Ibrahim,
2004). The concentration of he oxo-bridged ruhenum
complex was kept constant while that ofthe dithionite was
varied between the nole ratio 1:025 to 14
(Toxidant}[reductant]). The reactions were dlowel to go
to completion and the absorbances of the completely
reacted mixtures (A,) were monitored at 660 nm (the Ay,
of Ru,0#") using Seward Bionedical Digital Colorimeter.
The absorbances oltained were plotted aganst he nole
ratios of the reactarts. The point of sharp break in this
plotgave the staichiometry ofthe reactlon

The rates of reaction ofthe Ru,0**with the reductant were
studied by monitoring the decrease in absorbance of the
dimer at its A, (660 nm)colorimetricallyusingthe same
colorimeter usel to determine the staichiometry. All
kinetic measurements were carried out underpseudo—frst
order conditiors with respective raductant oncentrations
in excess of the oxdant concentration at stated
temperature while maintaining theionic strength constant,
unlessotherwise stated. The pseudo-firstorder plas oflog
(A, - A,)agairst time were made and the slope of the
plots gavethe pseudo-first order rate constants, K. The
second order rate corstants, k,, were determined fom Ky,
& ko [reductant]. The effect of changes in bnic strength
of the reacion medium on rates ofreaction by varing the
ionic strength of the reaction mixture while maintaining
the concentrations of the dimer andreductant corstant, at
stated readion temperature. Relationship of reaction rate
with changes in the ionic strength was determined by
plotting log k, against VI (Bronsted, 1922). Effect of
changes in dielectric corstant of the reaction mediumon
the reaction rate was invedigatedl by adding various
amounts of acetone to the reaction mixture. The
concentrations of the dimer and reductant and the ionic
strengh were maintained constant. The relationship
between the second order rate corstant and the dielectric
constant, D was obtained from the plot of log k, against
1/D (Zaidi, 1991).

The effect of added ions o the reaction rate was observed

by the addition of various anpunts of ions (Mg*, NH Z,
CH,COO~, HCOO") while maintaining the dimer
andreductant concentrations constant. The ionic strergth
and temperature were maintaned constantalso.Test for
free radicals wa carried out by adding 2 g of acrylamide
to a partialy oxidisal reaction mixture containing various
concentrations of oxidantand reductant. A large excess of
nmethanol was addel to the reaction mixture. Cortrol
experiment wa carried out by adding acrylamide to
solutions of oxidant and reductantseparately at the sanel
and temperature. Any polymerisation as indcated by gel
formation suggested the presence of free radicals in the
reaction mixture.Teg for the presence ofstable, detectable
internediate complexes formed in the course of the
reaction was carriedout by reording theeledronicspectra
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of partially reacted readion mixtures a varous time
intervds dgpending on the speed of the reaction. Similar
runs were made for reactants separately in each case. A
shift in, or consistent,A,,,and/ or erthancement ofpeak as
the reaction progressed is determinal. Furthermore,
identification or non-identification of intercept in he
Michaelis—-Menten plot of 1/ kgverus 1/[reductant]
would give an idea of the presence or abseice of
intermediate conplexformation.

Results and Discussion

Stoichometry

The stoichiometry ofthe Ru,0*" and S,0,% reaction was
found to bein he ratio 11 (Fig. 1), suygesting that he
stoichiometric equation forthereaction to be:

[H,0),6PY,ORUI* + S,0,2 + 3H,O + 250, +20H"

ARWH,0)(bpy),]2+
Slmllar st0|ch|orretry of 1:1 was found Dr the reaction of
Ru,O* with iodide (lyun et al., 1992c), sulphite (lyun et
al., 1992d), nercaptoethanol and mercapbethylamine
(lyun et al, 195b). However, a stoidionetry of 1:2
(Ru, O‘“/ reductant) was reported for the readion of

Ru,0*and thicurea (Mchanmed et al., 2014a), N-
nethykhiourea (Mohammed et al, 2014b) and
thiosulphate (Mohammed et al, 2015) whilea

stoichiometry of2: 1 (Ru,0"/ reductant) was Hund for the
reaction of Ru,0* and ascorhic acid (lyun et al., 1995a)

and 1:5 (Ru,0*7 reductant) for the reaction of RuZO *and
bromate (Iyun etal., 1992b). Gomparably, a stoichiometry

of1:2 (Fe,O*/reductant) has been reported in the reaction
ofFe,0* with mercaptoacetic acid, mercaptoethanol, and
nmercaptoethylamine (Ukoha and lywn, 2001). In addition,
a 11 stoichion’etr?/ was reported for the reaction of
dithionite and malachite green (Idris et al., 2015),
dicyamoporphyrinato&rrate(l11) complex (Worthington and
Hambright, 1980), p-phenylazobenzenesulphonic acid
(Wasnuth « al., 2008), tduidine blue (Hamzaet al., 2012;

Babatunde and Ajayi, 2013) ard paassum ferrate (Read
etal., 2001).

Pseudo-first order plas of log (A, - A_) verus time was
linear to over 85% extent of reaction. A typical plot is
depicted in Fig.2. Llneanty of the plas suygest a first
order dependenoe on [Ru0*]. Also a plot of bg Ky,

versus log [S,0 ] was linear with a slope of 0.98 (Fig.

3), suggesting a frst with respect to [SZO4 ].

Similar second orderkmencs have been reported for other
reactions ofRu,0** with benzenediol (lyun et al., 1992a),
bromate (lyun et al., 1992v), iodide (lyun et al., 1992c),

sulphie (lyun et al., 1992d), glutahione (Ayoko et al.,
1993b) and L — cysteine (lyun & al., 1996), thiourea

(Mohammed et al., 2014a), N-nethylthiourea (Mohammned
et al., 2014b) and thiosulphate (Mchamned et al., 2015).
In the reactions of dithionite with nalachite green (ldriset

al,, 2015) and tduidine bue (Hamza et al., 2012) a first

order deperdence on [S,0 ‘2( ] was repoted. However, in
the reduction of p-phenylazdbenzenesulphonic acid by

SO i_ (Wasmuthet al., 2008) and in the reduction of
some azo-dyes by S,0 ‘21’ (Gameay, 2002) half order

dependenceon [S,0 i’] was reported.
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Fig. 1: Plot of Absorbance versus Mde ratio for the Reaction of [(H:0),Ru,O}*and
S04% at [(HL)Ru0*1=575x 10 mol dm3, [S04%>] =(144- 23.0) x 10®° nol
dm3, 1=0.5mol dm®and Anx =660 nm
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Fgure 2: Typical Pseudo-first Order Plotfor the Reaction of [(H,O).Ru,0*] and S,042-at
[(H20),Ru,041=575x10"5 mol dm=3, [S,04> ] = 4.31 x 102 mol dm3, 1=05moldm? T=31+1°C
and Anax =660nNm
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Figure 3: Plotof logkopsagainst log [S204%2-] fortheReadtion of [(H20);Ru2OJ** and S04 at
[(H20)2Ru20**] = 5.75x10° moldm?3, [52044] = (1.44-14.38) x 102 mol dm-3, 1= 0.5 mol
dm-3, T=31+1°C and Ape = 660 NM
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The overallrate equation for the oxidation of dithionite by Ru,0"*
can, therefore, bewritten as Equation 2:

- SREOMT = KwlRUO™] = KiRUOIIS0:%] )
At[R,0"]=5.75 x 10° moldm ™ 1 = 05 moldmj (Nadlo,)and
T = 31+1°C, k, was found tobe (10.99 +.04) x 10 “dm°mol~ s .

Dithionite was only dudied at high pH because it undergoes
hydroysis at pH < 10(Readet al, 2001). This means tat at the

hy drogn ion concentation of 5 x 107 mokim™ (pH = 1.3) the
dithionite would be decom posed. Therefore, the study was carried

koX) = p + q(X) oo 3
Wrgere: X = CH3COO and HCOO ; p= interceptand g= slope
a

k(X) = p - dX) ceennd(d)

Table 3: Effect of Added Anions to Reaction Medium for the
Reaction of [(H,0),RwO]'" and S,0 i’ at [(H0)RwOT" =

out in the absence of acid. 575 x 10 °‘moldni?®, [sgoi’]: 431 x 10”moldm™, 1= 05
Vary ing the ionic strength of the medium from 0.2— 1.1moldn™®  moldm™, T=31 %1 °Cand Anx =660 M
(NaClO,) had noeffecton the rate constants of thereaction (Tabk 103ﬁ0n] 107 107k,
1). 'I_'his_su‘;g]gestst thgttcehar_g-fd iou;s arihr'ea'cting witr;g Eeuttrrll lon mddm= K st dmimol st
species in the rate deermining sep. This is supported by =
effect of changes in the diekctric constnt, D, from 81- 70.80n CH,CO0 0.00 4.12 10.95
the rakes of the leaction. It was obserwed that the rat constants 20.00 5.09 1181
remained constant for all the valies of D (Table 2). Similar zero 60.00 5.52 1281
alt effect was reported for the reaction of Ru,0* and thiourea 12000 6.56 15.22
(Mohammed et al., 2014a) and N-methylthiourea (Mohanmed et 14000 6.72 15.59
al., 2014b). 16000 7.16 16.61
. . 24000 8.37 19.42
Table 1: Pseudo-first Order and Second Order Rate HCOO™ 0.00 476 11.04
Constants for the Reactionof [(H,0).Ru,J*"and (S;0 i_) at 2888 ggé 1%%
[(H0),R1,0"] =5.75 x 10°moldm™, 1= 0.5moldm > (NaClO,), X ’ i
T=31+1°CandApnx =660mm 12000 621 1441
max 14000 6.59 15.29
10° [S:077), 1, 10° 10%, 16000 6.81 15.80
moldm™®  moldm™®  kp, sT  dn’moltsT 24000 789 1831
1.4 0.5 1.59 1103 Table 4: Effect of Adced Cationsto Reaction Mediumfor the
2.01 0.5 2.21 1099 ) " 2 "
2.88 05 2.94 1102 Reaction of [(H,0),Ru;0] "and $0 , at [(H.O)Ru0]" =
4.81 05 4.73 1097 575 x 10""moldm™, [szoi‘ T 4.31 x 10"mokdm™>,1= 05
5.75 0.5 6.34 1102 3 A _
8.3% 05 9.10 1089 moldm™, T=31+1 °Cand Ay =660 M
' ' . 107ion] 3 4 10%%k,
1150 0.5 12.59 1095 lon moldm™ 10°Kps, S dmimolt s
144518 8‘;’ 145'7828 138‘51 Vg T.00 797 0%
' ' ' ’ 10.00 456 10.59
49 o4 4718 100 2000 448 100
4.31 0‘5 4.75 11.02 40.00 406 9.42
’ : ’ ’ 60.00 384 8.91
' ' ' ’ 120.00 310 7.19
4.31 0.9 4.74 1100
4.31 1.1 4.71 1093
NH 4* 0.00 474 11.00
Table 2: Effect of Change in the Dielectric Corstant of 20.00 466 10.81
Reaction Medium for the Reaction of [(H,O).R uzO]“and S,0 60.00 396 9.19
° , P R . 120.00 337 7.8
4 at [H20:R,0"] = 575 x 10°moldm™, [S,0,, ]= 4.31x 140.00 294 6.8
10~moldm=, I =0.5 moldm= (NaClO,), D =(810-708), T = 160.00 2.84 6.59
31 £ 1°C and Apax = 660 NM 240.00 203 4.71
D 10 kobs, S 10%k,,dm ol " s~ Resultsobtained showedthatfor:
810 774 100 CH,COQ™ ‘p'= 10.95 x10™"dm’mol™ s” and ‘g’ = 3.50 x 10°
792 476 10 o chdooS’ p’= 11.12x 10 °dmnol™s™ and ‘q’= 2.90x 10°°
p’= 11.12x m'mol™s™ and ‘g’= 2.90 x
78.0 4.75 11.02 dmfmol? s
76.8 471 10.93
75.6 4.72 10.% NH I ‘p’= 1104 x 10-2dnPmol* s'and ‘g’ = 280 x
73.2 4.75 11.2 107 dnmol® s™
72.0 4.75 11.02 6Mg2+2 P'= 1097 x10 “Adm®mol™ s'and‘q’= 33.85x 10
708 471 10.93 dmmoal™s™.

Added anions (CH;000™ and HCOO")led b increase in
rates of reaction (Table 3) while added cations led to
decrease in rates (Table 4). The relationship between the
anion-dependent second order rae constants k(X) and[X] was
captured in the lkast square plots of k[X] versus [X] (Fgs 4-7),
which were linear with intercept and slopes and the esults are
represented by Equations 3and 4.
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The anion catalysis and cation inhibition observed has
been &sociated with outersphere electron trarsfer process
(Pryzts and Sutin, 1973).
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Figure 4: Plotof k,(CH;COO-)versus [CH3COO-]for the Reaction of (H,O)Ru,OJ* and S,04*
at [(H20)2Ru20**] =5.75x 105 mol dm?3, [S,042"] = 4.31x 102 mol dm3, [CH3COO]= (0.0-
24.0) x 102 md dm3, 1= 0.5md dm3, T= 32+ I°C and Ana =660 nm
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Figure 5: Plot of ko(HCOO") versus [HCOO-]for the Reaction of [([H,0);Ru,0]** and S,04% a
[(H20)2Ru20%] =5.75x 105 mol dmn-3, [S;04%] = 4.31x102 moldm=3, [HCOO]= (0.0 - 24.0)x
102 mol dm=3,1 =0.5 mol dm3, T = 31+ 1°C and Amax= 660 nm
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Figure 6:Plotof ko (NH4") versus [NH4*] for the Reaction of [(H,O)»Ru,O]* and S,04% at
[H20)2Rw0%] = 5.75x 105 mol dm?, [S202] = 4.31x 102 mol dm?3, [NHs*]= (0.0 -
24.0)x 102 mol dm?, 1=05 mol dm3, T= 31+ 1°C and Ama= 660 nm

Polymerisation was not induced on addition of acrylamide to the reaction mixture followed by excess
methanol at 1 min, 2 minand 3 min afer onset of reaction. This suggests that free radicals were not produced

in the reaction of Ru,0"* and szoi’ . This agrees with the lack of free radica participation in the reaction of

malachite green and dithionite (ldriset al, 2015). However, in the reaction of dithionite and toluidine blue,
free radi cals were detected (Hamz et al., 2012), while Derven’ikovet al. (2013) reported that in the reaction
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of dithionite and super-reduced cobalamin and oobinamide the reactive spedes was SO, . The
electrochemical behaviour ofsodium dithionite at agold electrode in alkaine solution shows that dithionite is
oxidised with SO , a intermediate (Westbroeket al., 2001).

Scanning the reaction mixture spectrophotometrically as the reaction progressed did not show any shift inAmax,
thereby ruling out the formation of an intermediate complexpriorto eectron trans&r. Also, Michaelis-Menten

plot of 1/ky,s versus 1/ [SZOLZ{] was linear without any gopreciable intercept (Fig. 8). This confirms the
absence of stable intermediates with large enough formation constants. The abov e facts support the suggestion
ofan outersphere mechanismoperatingin the oxidaionof S,0 f,’ by Ru,0**.
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0 10 20 30 40 % 60 70 & 90 100 110 120 130
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Figure 7: Plotof ko (Mg2*) versus [Mg?*] for theReaction of [(H20),Ru,0]** and S,04" a

[(H20)2Ru2O4*]1=5.75 x 105 moldm3, [S;04-] = 4.31x10-2 mol dm3, [Mg2+]= (0.0 -
12.0) x 102 moldm- 1=0.5mol dm?3, T =31+ 1°C and Amx= 660 nm
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Figure 8: Plot of 1/ Kops Versus 1/[S20427] forthe Reaction of [(H20)2Ru,0]** and Dithionite
(S20427)at [(H20)2RU2]0*=5.75 x 105 mol dm3, [S20,%]= (1.44-14.38) x 102 mol dm-3, [H*] =
5.0 x102mol dm3; 1=0.5mol dm?; T =31 +1°C and Ama = 660 nm
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Based on the results and observatiors therefrom, a mechanismforreaction is hereby propcsed.

K
S,04 +  2H,0 L

[(H;0)2(bipy)sRu01*"  +

Ky

{(H,0),(bipy),Ru,0%//S,027} —— »

(slow)

[(H20),(bipy)sRu01* + S,0,7 + 2H" +

IfEquation7 isthe rate determining step, then:
Rate =

FromEquations7 and 6 we get Equation 10.

[{[(H,0)5(bipy),Ru,01*"// $,0,7}] =

Substituting Equation 10 into Equation 9 we have Equation 11:
KqkaK1 [(H;0),(bipy) ;Ru;0*1[S,0,7]

Rate =

Equation 11 agrees with Equation 2, where k kK, = k, =
(10.99+ .04) x1072dm*mol~ts ™

In the reaction under study, the oxidation product of
S,0,% is SO,, while in the reaction of dithionite with
potassum ferrate; the produd has been reporta to be
sulphite (Readet al., 2001). However, in the oxidation of
sodium dithionite & a platinum electrode in alkaline

solution, the final praductofS,0 if oxidation is wlphate.

The reduction praduct of
[(bpy 2(HO)RWRUH0)bpy).]*" was found to be
[(HZO)Z(bw)ZRu]2+. This agreed with the findngs of
Davies and Mullins (1967).

Conclusion

The Kkinetics and mechanism of the readion of
diaquotetrakis (2,2’ -bipyridine)-p-oxodiruthenium(l1l) ion,
[(bpy (HO)RWRUMH-0)bpy).]*" and ditionite ions

(S,0 i_) has been studed in aqueous medium The
stoichiometry of the reaction was bund to be 1:1 and the
reaction showed a first order dependence with respect to
each of the reactant concentrations. In view of lack of
identifiable intermediate complex Hrmation evidenced by
absence ofintercept in the Michadis — Merten plot, lack
ofshift in A, ofthereaction mixture in couse ofreaction
and ion catalyss/ inhibition, itis prgposed that thereacton
nmost probably proceeded through te outer sphere
pathway .
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