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ABSTRACT

A theory of square-wave voltammetry of two-step electrode reaction with
kinetically controlled electron transfersis developed and a special case of
thermodynamically unstable intermediate is analyzed. If the first reaction
step is reversible and the second one is quasireversible, the response
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splits into two peaks if the scan direction is inverted. The separation of

these peaks increases with freguency.
© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

In square-wavevoltammetry (SWV) itisusud that
only thereactantisinitialy presentinthe solutionand
that at the starting potential no €l ectrode reaction oc-
curg®*3, However, thereisavariation of SWV inwhich
the measurement sartsat the potentia a which theelec-
trodereactioniscontrolled by thediffusion of reactant
andthescandirectionisreversed comparingtotheclas-
sical SWV*8, Thisinversemodewas used for thede-
termination of kinetic parameters of electrode reac-
tiond™9, Inthe present communicationitisdemon-
strated that theinverse SWV can beused for theiden-
tification of quasireversibletwo-step el ectrode reac-
tionwiththermodynamicaly ungableintermediae. Itis
well known that theresponse of thistype of mechanism
dependson standard rate constants and transfer coef-
ficientsof both e ectrong'4., If thesecond chargetrans-

fer issower than thefirst one, the response may con-
sist of asingletwo-€e ectron voltammetric peak at the
lowest square-wavefrequency and of two peaksat the
highest frequency. Nevertheless, thereareonly alim-
ited number of reactionsthat can undergo such trans-
formation withintheavailablerangeof frequencies. Itis
shown herethat in many of other casesthe separation
of theresponseinto two peaks can beobtained by in-
vertingthescandirectionin SWV.

THEMODEL

An€ectrodereaction that occursthrough two con-
secutive stepsisanalyzed:
OX™M2* + & & Int™V* (E°, a, k) 1)
Int™9*+ & & Red™ (E°,, at,, k_) )
The symbolsE®, a, and k stay for the standard
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Figurel: Theoretical square-wavevoltammogramsof two-step electrodereaction (1) and (2). E°-E®° =0.1V,c* _/c* _=1,c*
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Figure2: SWV of electrodereactions(1) and (2); €, =10,é,=0.0land E_- E°, =0.4V (A) and -0.4V (B).All other dataare

asinfigurel

potential, thetransfer coefficient and the standard rate
constant of thefirst (i = 1) and the second (i =2) elec-
tron transfer step, andm=0, 1, 2 or 3. It issupposed
that all threeredox speciesmay beinitially presentin
the solution. For themasstransfer realized by the pla-
nar, semi-infinitediffuson, thesysemof differentid equa:
tionsanditssolution arereported intheAppendix.

RESULTSAND DISCUSSION

Square-wavevoltammogram of fast andreversible
two-step electrode reaction depends on standard po-
tentialsof individual éectrontransfers. If E°,— E°, A>
0.3V,E,-E°,=04V,E_=50mV anddE=-5mV,
theresponseisasingle peak appearing at the potential
(E0 —E?)/2. Itsdimensionless net peak current DF\/
= DI (FSC* o) (Df) Y2 is equal to 1.9115. The
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voltammogramsstart to splitinto two peaksif E°,— E°,
<-0.1V.For E°, - E° <-0.3V and the SWV param-
etersasabove, the response consi sts of two peskschar-
acterized by DF ,=DF ,=0.752,E , = =E° and E. .
=E°, Thevadl tammogramsof kineticd Iy control ledd ec—
trode reactions are generally smaller and depend on
thedimensionlesskinetic parameter | =k (Df) %2 The
reaction appearsquasireversibleif 1>1>0.031.
Figure 1 shows SWV response of two-step elec-
trodereactioninwhich thefirst chargetransfer isre-
versible(l, =100) and thesecond oneisquasireversible
(1,=0.1). If thestarting potential is0.4 V and thescan
isdirected towardslower potentials, anegativevalue
of dimensionlessnet currentisinmaximum at 0.030V
vs. E° , whichiscloseto the median potential (E°, -
E°)/2/2=0.050V. Thepotential of minimum of the
forward, reductive component and the potentia of maxi-
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Figure3: SWV of reactions(1) and (2). E°-E° ,é =10,é,=0.01and E_- E° = 0.4V (A) and -0.4V (B).All other dataareas

(E-E°)iV
(3A)
infigurel
06 q
04 ~
-AP
024
& 04— - d."D /,—;—‘_ - P
02 _‘_.,___{:&:7_,_,.-- ‘, //
\ /e,
0.4 i
S
086 T T
0.4 0.2 00 0 o
(E-E°)IV
(4A)

Figure4: SWV of reactions(1) and (2). € =0.1,&,=0.1andE_ -

mum of the backward, oxidative component are 0.025
V and 0.040VV, respectively. If, however, the starting
potential is-0.4V andthescan directionispositive, the
net current exhibitsashoulder at about 0.15V and the
potential of maximum of theforward, oxidative com-
ponent is0.140 V. The peak potentials of the net re-
sponse and its backward component are0.055 V and
0.015V, respectively. Thedifferencein voltammograms
showninfigure 1A and 1B isthe consequence of the
kineticsof electrodereaction. If both eectrontransfers
arereversible(l, =1000and |, = 1) theinfluenceof the
starting potentia isnegligibleand thevol ta”nmogra”ns
aresmilar totheoneinfigure 1A: E =0.055V,E =
0.060V andE = 0.045V, for E, 04V andE =
0.065V, E —0065V and E, —0060VforE =-
0.4V. Furthermore the r%ponse of two-step reectl on
consisting of reversible chargetransfer (A, = 10) and
irreversibleone (A, =0.01) issplitinto two peaksif E,
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E°, =04V (A)and-0.4V (B).All other dataareasinfigurel

=-0.4V, butnotif E, =0.4V. Thisisshowninfigure
2. Inthecase of negative scan direction, asingle peak
appearswith thefollowing peak potentias:. E =0.000
V,E =-0.010V and E,,=0.015V. Thepotentlalsof
maxi maof thesplit r&ponseareo 015V and0.265V.

Theforward component consistsof two pesks, at 0.040
V and 0.275V, but the backward component exhibits
only oneminimum at -0.015V. Thereisalinear rela
tionship between the second peak potential and there-
ciprocd of thetransfer coefficient of the product oxi-
dation: E, ,/(1-a,)* =0.09 V. Also, the second peak
potential dependsl inearly onthelogarithm of the sec-

ond dimensionless kinetic parameter: E, Jlogh, =-
2.3RT/ (1-a,)F. Theseindicatethat thesecond peak
infigure 2B originatesfromtotaly irreversibleoxida
tion of the product of the second step: Red™ — Int™*
+e. Thisproduct iscreated at potentialslower than -
0.2V by irreversiblereduction of intermediate. The
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Separation between reduction and oxidation processes
inthe second el ectrode reaction can beestimated from
the difference between the second peak potential and
the second standard potential: E..- -E°,=0.165V. So,
the reduction peak can be expected at -0.065V vs.
E°,, whereit is covered by the response of the first
el ectrodereaction. Thisexplanationwas confirmed by
thesimulationforl, =1andl,=0.001. If E, =-0.4V
the second peak potentia was0.385V, which meant
that E..- E°, = 0.285V and that the reduction peak
had to beexpected at-0.185V. Indeed, if E,=0.4V,
theresponsewas split in two peakswith maX| maat -
0.005V and-0.185 V. The second peak was ascribed
toirreversblereduction of theintermediate. Additiond
support was obtained by the variation of the second
standard potential. If the second reaction step was
quasireversible (I,=0.1and |, = 100), and E°, — E°
>0.15V, theshoulder showninfigure 1B wasdevel-
oped as a separate peak and its peak potentia de-
pended linearly on the difference between standard
potentias: E.= =E%+0.040V vs. E° . Also, if E°, -
E°<0.05V,the shoul der dlsappeared Inthe case of
|rrevers iblesecond reaction (¢,=0.01and &, = 10) the
Separation between cathodic and anodic peaks of the
second el ectrodereaction was 0.230 V and they both
gppearedinvoltammogramsif E°,— E°,. Thisisshown
infigure 3. The peak potentialsinthisfigurearethe

following: E —OOOOVandEp =-0.165V, for E
=04V, andEp =0.015VandE , —0165VforE
=-0.4 V. If E°,— E° =0.05V, the cathodic peak 2*

mergeswith the peak 1 and appears asashoulder at
about -0.1V. Thisisatrangtion totheresponse shown
infigure2. Thechangeof responsesshowninfigure 1B
and 2B can be achieved by the variation of square-
wavefrequency. Theparameter | isdiminished tentimes
if thefrequency isincreased hundred times.
Theinfluenceof thekineticsof thefirst electrode
transfer isshowninfigure4. If both reaction stepsare
equally fast and quasireversible(l, =1,=0.1) andE_ =
0.4V, the SWV response is a single peak with the
maximum at -0.055 V. Theresol ution of thereaction
steps can be achieved by inverting the scan direction,
ascan beseeninfigure4B. Under thiscondition the
voltammogram consistsof two peakswithmaximaat -
0.093V and 0.140V, respectively. The second peak

potential isequal to the potential of maximum of the
Research & Reotews On

forward component of theresponseshowninFig. 1B.
S0, the second pesk, originating from the second reac-
tion step, isindependent of thekineticsof thefirst reac-
tion step, but the separation between two peaksis bet-
ter in figure 4B than in Fig. 1B because of the
quasireversblenatureof thefirst reaction stepinfiguer
4B.

CONCLUSIONS

Theseresultsshow that individual electrontrans-
fersof two-step e ectrode reaction with thermodynami-
caly unstableintermediate can beresolved by square-
wave voltammetry with inverse scan direction. The
method appliesto the combination of reversible and
quasireversible, or two quasireversiblesteps. If the sec-
ond charge transfer isirreversible, the second peak
potentid isalinear function of thelogarithm of square-
wavefrequency, with thes ope:
E,,/logf=23xRT/2(1-a,)F.
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APPENDIX
For the el ectrodereactions (1) and (2), under the

conditionsof the planar, semi-infinitediffuson, thefol-
lowing system of differentid equationshasto besolved:

dcox _ D 8°cox AL
at aXZ ( )
acint d%cint
=D
aCRed aCR d
ZRed _ pZRed
ot ox? (A3)
t :0’ XZO Cox: C*ox Clnt_ C*Int CRed: C* Red’ C*ox + C*Int + C*Red
=c*, (A9
t>0, x>0 Cc —»X* ,C —>C* , CoyC (A5)
oc, I
x=0:D =-—1
( ax ) . Fs (A6)
oc [, -1
D Int = 1 2
( X lo FS (A7)

. -
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D aCRed =|_2
ox ), FS

(A8)
/FS =K exp(-a,f)[(Co) o= (€1)o €XP(T)] (A9)
| JFS=-K exp(-a,f ) (C, ), o~ (Cnar)co EXP(F] (A10)
f,=F/RT (E-E°) (ALL)
f,=F/RT (E-E°) (A12)

The meanings of symbolsareasfollows. c_, c .
and c__, areconcentrations of species Ox(™2*, Int(m*
and Red™, respectively, c*_,c* _andc*__ arecon-
centrationsof these peciesinthebulk of solution, D is
acommon diffusion coefficient, |, and |, arecurrents, S
isdlectrodesurfaceareaandt, X, T, R and F havetheir
usua meanings. Differentiad equations(A1)—(A3) are
solved by Laplacetransformation and by the method
of numerical integration proposed by Olmstead and
Nicholsoni*®. The solution isthe system of recursive
formulaefor thedimensionlesscurrent f =li(FSc* )
1(Df)¥2, wherei = 1 or 2 and f is square-wave fre-
quency. Notethat F=F, +F,. Each square-wave half-
periodisdividedinto 25 timeincrements. Itisassumed
that within each timeincrement thefunction |, canbe
replaced by theaveragevalue L

O =7 _SC:)x\/E + CTnIP + C*RedQ
im = N * *
exp(¢1,m )Ctot \/E Ctot Ctot

FVETED,S, .+ WE T, S, ] (A13)

2,j~m=j+1

ml,m[w“exp('(l'al)”m) +(L+ ep(—by.))

A2

L, siE S
exp(d’l,m )C:m \/E C:ot \/E

+(1+expéy ) exp(=9, )

)X ?:Ll(l)l,jsm—jﬂ -2 ?:le)Z,jSm—Hl (A14)

Z=N4 exp((1-a,)f, JN2[5Vp + Lexp(-af, )(1+exp(f, ))V2
(A15)

N=[5Vp +I, exp(-a,f, )(1+exp(f, ))N2][5Vp+l exp(-

af, (Lrem(l, )22, ep(-a)f, Jewlal,) (AL6)
_ 25r+ 50, 2mep((1-a,)9, )
T 52+ 20, expl-ady )Lt ep@,,) AL
5V, exp((1- )b,
= (A18)

5\/;+ lzx/EeXp(_azd’z,m )+ eXp(‘bz,m )

—=  Fylf Paper
V=[-(Lrexp(f, )5Vp- N2exp(-af,, ) - LN2(L+exp(f, ) exp((l-
3)f, II5Vp +1,N2exp(-af, )(1+ exp(f, ) exp(F,,) (A19)
W= 5V

5+ 1,3 2 €Xp(—0t, )L+ XD, )

L=k, (Df)*2(i=1,2) (A21)

Here Sk =\k-\k-1, 1<m<M,M =50 (E__, —
E. )/ dE and dE = 5 mV isthe step increment of
squarewavesignd. Inal cdculaionsthesquare-wave
amplitude E_, =50 mV was used.

(A20)
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