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The theoretical approach to the application of the first period of a sinusoidal current at stat
dynamic spherical electrodes for study of EC mechanism is presented. Methods for deter
heterogeneous and homogeneous kinetic parameters are proposed. In order to check theoretic
the rate of benzidine rearrangement was evaluated from transition time measurements.
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In a previous paper we have carried out a general study of the CE and EC mech
using chronopotentiometry with various current—time functions at usual types of
trodes. These techniques, in which current does not change the sign during the e
ment, are useful for determination of kinetic parameters of chemical reac
preceding the charge transfer reaction from transition times. However, when che
steps follow charge transfer reactions, kinetic information cannot be obtained fro
transition time but only from the complete potential-time curve. Therefore, the cal
tion of chemical kinetic parameters is more difficult and is affected by the kineti
the charge transfer reactfoh For those cases, perturbations in which the sign of
current changes (alternating current) are more adequate. The kinetic information
chemical step can be obtained from transition times of the oxidation process, acl
after the first change of the current sign.

In refS~°we have analyzed the application of an alternating current of low frequ
and large amplitude to different types of electrodes to study a simple charge tr
reaction. We have shown the advantages of these procedures for determina
heterogeneous kinetic parametersandks. The potential-time curves obtained wi
this technique are little affected by the charging of the double layer, however, t
fects of electrode curvature are enhanced.

In this work we have developed a rigorous theory describing the response ¢
mechanism to the alternating current of the fdth= 1, sin wt applied to a DME. It is
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using a more rigorous model of an expanding sphere and assuming, for conver
the existence of a blank periog> 0. We have also considered an asymptotic solut
applicable when the steady state is reached in the reaction layer. From the eq
deduced in this paper for the dropping mercury electrode (DME), the response
sponding to a static mercury dropping electrode (SMDE) and to a static plane ele
can be obtained as particular cases.

In spite of the equations obtained in this paper being valid for any number of c
of the alternating current, only the first cycle appears to be the most interesting f
study of EC mechanism. Moreover, the alternating current is applied under cona
in which the direct transition time,, is not reached. In this case, when only specie
is initially present in solution, the transition time corresponding to the oxidation
cess always exists and only depends on chemical kinetics but not on most of t
perimental parameters (electrode area, alternating current ampl@ieje,Owing to
this characteristic, the diagnosis of an EC mechanism is immediate, and its quant
characterization is very easy. Consequently, this technique can be advantageou
pared to more popular potentiostatic techniques. We have proposed methods for
lation of equilibrium and rate constants of the chemical reaction following ch
transfer reaction and also for determining the kinetic parameters of the charge tr
reaction.

Finally, we have applied the methods described in this paper to the extensivel
died reaction of benzidine rearrangement which has been the reference for most
theoretical electrochemical studies on the EC mechafi&mOur results are in a goo
agreement with those previously reported.

THEORETICAL

The EC mechanism is described by the Bj. (

ke ky
A+ne — BT C A)
2

The corresponding boundary value problem is given by (see Symbols for notat

5,C,=0 @

SBCB =-0cCc =~k Cg + kCc 2
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t=0,r=2ry O

0 1wl Ca=Ch Ca=Ch Co=CE 3
Cs _ki
K=—f2=:= 4
Tk “)
t>0,r=rg,
oC, 0 CzU ()
Dy,0O50 =-DgO;0O = (5)
Agor [, B oor [, nFA)
[(8C.0
DcO5-d =0. ©®)
or m:ro
Moreover,
10 =G0 ~ kiCalro) @
nFA(tS) A\" 0 B\' 0 ’
WheregI is the operator corresponding to the expanding sphere
3.0 0% 200 2 0 ®
‘ot 'mer?2 rorg 3r?or
In the following, we assume that
D, #Dg=D¢ . ©)
When an alternating current of the form
I(t) =1,sinQ (120

is applied to a DME witlQ = wt (Eq. (A6)), by a procedure similar to that described
refs:”8 we deduce for the surface concentrations of A and B species (see Appendix

Ca(rot)

o =1 - Npyet’’Sy (11
A
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CB(rOit) _ 1 0

cy 1+K Kutge + YNoumet? [KSs + Xgl @2
where
N _ 2, 13
PVE ~FA (1) YDA Ca 13
At) =Ag 18 (14
t=t, +1 (15)
Cg+Cd

Hec= (16)

EC CE

i
y=C0r O - a7

B[]

t; is a blank period elapsed between the time when the drop is breaking off ar
application of the current artdis the time elapsed between the application of the
rent and the measurement of the poten8ali = A or B) andXg are functional series
defined in the Appendix. These series are valid for a DME. However, they can be
transformed for an SMDE and a static plane electrode by simple transformatior
cording to EqsA15—(A19). All general expressions deduced in this paper are there
applicable to any static or dynamic electrode, spherical or planar.

Whenl,and/orw in Eqg. (L0) take values such that the transition time of species
T,, IS reached (before the change of the current sign), the results obtained with
soidal current do not differ substantially from those with a programmed clrrent
this case, when = t1,, the experiment must be stopped to avoid decompositior
supporting electrolyte. This possibility is not very interesting for the study of an
process, since, is identical to that deduced for an electrochemical process and |
pendent on chemical kinetic parameters as indicated bylHR. (

When the depletion of A at the electrode surface does not occur, and when spe
and C are not initially present in the solution, the transition time afBis always
reached (after the first change of the alternating current sign). However, if spec
and C are initially present in the solutiag,may or may not be reached depending on
value of C§ + CY (ref8). The general expression fog is deduced by settinGg(ro,t) in
Eq. @2 equal to zero, so we obtain

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Chronopotentiometric Study of EC Mechanism 713

_ ~KnFA(t; + 15)”*VDg (Cg + Co)

12 18
: 219 [KSy + Xeloor, a9

For C§ + Cd = 0, the equation is simplified to
[KS; + XB]t:TB =0. 9

The transition timag, corresponding to the oxidation of species B is function of
rate constants of the chemical reaction sigce (k; + k)t (seriesXg in Eq. (A10).
Thus, it is possible to determikgandk, from measurements af; (see Results).

From Eq. (9) it is clear that, when only species A is initially present in the soluti
Tg is independent of most of the experimental conditions, suth @s, electrode area,
etc

The general potential-time response can be deduced by introducind Bcgnd
(12) into Eq. )

NpmeVD

&0 ;
1+K Kuge + YNpye tY2 [KS; + Xg]f, (20)

where

(0 =[50 - £ (21)

For a reversible procesk,( - ), whenpg-= 0, Eq. 20) becomes

1 - Npyet??
E(t):EO_FKrmM_FEm#ESA ) 22
nF - Wpye nF - t7¥(KS; +Xg)

For totally irreversible procesk << 1 cm s?) two following situations are possible
a) Forl(t) > 0 (wt <m) Eg. QO) takes the form

RT 2ks RT O
E(t) =E°+ In -+ In g0
onF  NpyeVDa anF 0
DME A 0 (23)
|
|
0

_1- Npwet¥2Sy

9% sinQ

b) ForlI(t) < 0 (m< wt < 2m) Eg. RO) is transformed into
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_wo_ RT 2ks RT
B =~ 1 —anF " Noye¥D, T -« )nF'”gaD o
g = —(+K)sinQ a @4
% NpweytV4KS; + Xg] E

As can be deduced from Ed&3[ and @4), the potential-time response for the catho
currentl(t) > 0, given by Eq. X0), is independent on the kinetic parameters of
chemical step and it does not differ from that obtained for a simple, irreversible cl
transfer process. On the other hand, the potential-time response associated with
currentl(t) < 0 is affected by the presence of the chemical reaction and depend:
on K andk (k = k; + k) as follows from serieXg, Eq. A10. This behaviour will be
analyzed below.

THEORETICAL RESULTS

Surface Concentrations and Transition Times

The expressions for the surface concentrations corresponding to an EC proce:
(11, (12) and, therefore, potential-time response depend on the S§gri€s and Xg
given by EqsAl) and A10. The serie§ (i = A or B) corresponds to the electrochen
cal process, and, therefore, has diffusive character. The surface concentration o
cording to Eq. 11) does not differ from that obtained for electrochemical mechani
On the other hand, serié&g, which appears in the expressi@g (rq,t), Eq. (L2), de-
pends on the chemical constakiandk,, Eq. A14), and, therefore, on the chemic
kinetics. This series decreases with increagilagd has the following lower and upps
limits:

Xa(Ea:BX.Qly 0o ~ O @9

[Xe(Ea RX Q-0 » S(Ea:RQ2) - (26)

Equation 25) can easily be verified by taking into account large valueg @dr which
the steady-state approximation can be applied. The expressi¥p i®simplified to

sinQ

2X1/2

Xg = forx =20 @7

for any type of electrode (DME, SMDE or planar electrodes).
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Moreover, it can easily be proved from E4®)( (25)—(27) that the EC mechanisn
has attributes of a simple electrochemical process in two following cases: consic
Hec= (1 +K)CE/KCR forx — 0,K > 0 and fork >> 1, any value of.

Indeed, by substituting one of above mentioned conditions intolZgwe obtain

Ca(rol) Cs
ci Cf

+ YNpyet 2S5 @9

which is identical to the equation for electrochemical mechdrfism

Other subjects of interest axe— o andK > 0.

The transition time for an EC mechanism (only species A present in solutio
coincident with that for a charge transfer reaction (E process), as can easily be fol
settingCg (ro,t) in Eq. L2) equal to zero (note that under these conditigis= 0 and
Xg (€g, BX.Q) = 0).

In the case oK - 0, Eg. (2) is transformed into

Cg(ro.t)
Ca

= YNpwet2Xg (29
i.e. an EC process has now a most pronounced kinetic character.

Determination of Kinetic Parameters

For determining the rate constakigndk, of the posterior chemical step it is necessary

know the value of the equilibrium constdtt It can be determinea,.g, by extrapola-

tion of the transient response (potential-time curve) to the equilibrium response

zero time) as long as species A, B and C are initially present in the solution.
Fort - 0 in Eq. 0), we obtain

o RT, (1+K)

E(t- 0-E’= OF In Kilee (30

OnceK is known, the rate constants can easily be deduced from the curves plo
Fig. 1. In this figure we have represented the variatiomgfif; VSXi=1, . The ex-
perimental conditionsl{, Cx and electrode area) have been chosen in such a way
T, is not reached ang; exists. In other wordS\pye < Npye  (see Eq. 39) in ref8).
This figure corresponds to the more usual situation for an EC process in which
species A is initially present in solutiopg: = 0). In this caserB/TB or Q=q_ 1Q, - T,
andy; - [, are related through the equations
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[Xe(Ea:BX:Qli=r, = KISs(Ep:B )], (39

and

[S5(eP =, =0 . @2

From these curves the determinatiorkp# k, for K values near zero is immediate
For large values oK, at least two measurements f corresponding to differer
values, must be carried out in order to select the adequate branch of the working

These curves present, among others, the following advantages:

a) it is possible to determinlg andk, directly from experimental values of.

b) The curves remain valid when the frequency of alternating cueéstchanged
and the electrode sphericity is not taken into accoiit=(0) (Fig. 1). This feature is
due to the fact that Eq81) and @2) depend orw (Q = wt). Therefore, for a plane
electrode, the serie®; (g = 03,Q) andX; (&g = 03,Xx,Q) depend only o2 andy at
Q, = wt, fixed since the parametefsandQ are related by

_t _ Q
B_t1+t_Ql+Q (33

and

LR O

e —_— (34)

TBE Qt:TB

1.0 T

Ta/Tg, K=10 2

~NW

Fe. 1
Working curves deduced from Eq31j and
(32) for a DME with the expanding plane
electrode modelég = 0) for different values
of K. The values of);are:10,21,33
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¢) For calculation ok; andk,, Tz can be determined fairly reliably, taking into a
count that when only species A is initially present in the solution @R)), (thentg is
independent oNpy,e t23, i.e. of the values of,, Cg, etc. as follows from Eq.13).

Potential-Time Curves

Figure 2 shows the influence of the rate constanoh E(t) — E°vst plots E-t curves),
corresponding to an irreversible EC mechanigh¥(0) where the electrochemical ste
is reversible. These curves are shifted to more negative potentials and the tra
time increases wheky, diminishes. In Fig. 3 we have plotted tRet curves obtained
for different values ok = k; + k, for K > 0. In this case it can be noticed that for hi
and lowk values (curvedl and 4) the transition times are coincident, since in bc
cases the EC mechanism behaves as an E process1@osn@ £8)) as discussed
250 T T T T

100
Fic. 2

Potential-time curves at an SMDE corre-
sponding to an EC mechanism with a revers2® [
ible charge transfer reaction and an
irreversible chemical stegK(= 0), w = 1 1,

Nswpe= 1 ™2 &op = &g = 0.1 5" pec=0,

y=1,T =298 K. The values d§ (s) are:1 1 50 1 J . 1
.10%, 21,31 .16 0 1 2 3 4

0

250
E() - E°
mvV

200

150

Fic. 3
Potential-time curves at a DME correspondygg |
ing to an EC mechanism with a reversible
charge transfer reactiol = 1, w = 0.8 st
t; = 0.5 s,Npyet2°=2lpMFAVDACE = 1 50
sY6 Eoa = &0 = 0.15 §¥° The values ok =
ki + ky(sH are:11.10%21,310,41 .

10*. Vertical dotted line corresponds to= 0 ‘ ! ! ‘ ‘
Ww. Other conditions as in Fig. 2 5 ts
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above. The transition times corresponding to cu®@esd 3, calculated for intermedi-
atek values are shorter. Fgr= 20, Eq. 27) is fulfilled and theE—t curves calculated
at different values dk present a common point &t 17w, independent on the chemice
rate constants (curvesand4 in Fig. 3). This common point can be used for determ
ing the equilibrium constant when the chemical kinetic is rapid (Eg).(This is
shown in Fig. 4 where four types of curves with high values of the rate condtant:
20, 50 and 10079 are plotted for different values & The potential corresponding t
this point can be determined by settidg= 0 andt = t. = Ww in Eq. @2) for the EC
process with a reversible electrochemical step. For exampl=farand an SMDE with
ry=0.03 cmD, = 10°cn? s}, w=1 standk =k, + k, = 10 stwe obtain

Krln 1+K  RT 0 2.410- Nsype , 35
nF  0.01K nF Nsmpe

E(t=m=E"+

FG. 4
Potential-time curves at an SMDE corre
sponding to an EC mechanism with a fa
chemical reaction and a reversible char
transfer reactiony = 0.5 §% Ngype= 1 s*2
Eoa= o= 0.2 s¥2 The curves are labellec
with values ofk. The values ok = k; + k, (s

are; (—), 20, ¢---) 50, (---) 100.

100

50

—500 5 . . 8 Vertical dotted line corresponds to= T/w.
ts Other conditions as in Fig. 2
800 \ . [ [
E(f) - E°
mv
600 123 4
400 | 4
3
b FGc. 5

Chemical and electrochemical reversibilit
effects on the potential-time curves corr
sponding to an EC mechanism at a SMDE:
j 1sLk=k+k=1s%D,=10%cm?s?

—200 |~

1 Newpe= 1.2 82 £a= &,z =0.152 a = 05.

— - The values ok (cm sY) are: (——) 1. 10%,

—400 w (----) 1. 10° The values oK are:1 0, 2
0 2 5

1, 3 100. Other conditions as in Fig. 2
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whereNgypeis given by Eqg. A17). From Eq. 85) with given value ofNg)pe Value ofK

can be determined. Note that #r= 0, t; corresponds to the transition time.

Figure 5 shows the influence of the chemical equilibrium constal-ourves of
an EC mechanisnk(= 1 s') with quasireversible (solid lines) or irreversible (dott
lines) electrochemical step. It can be seen that the influenkeoof each situation is
very different: The quasireversible process is affected bhrroughout the complete
chronopotentiogram; the totally irreversible process is not affected by the che
equilibrium in its response to the cathodic curréat<T), whereas the anodic regio
(Q >m) is affected strongly. It is in agreement with Eg8) (and @4). Moreover, in the
latter case, foK — O the decrease af; leads to the disappearance of characteri

shoulder of these curves, when the electrochemical step is irrevérsible

800
E(t) - E°

mV
600

400

Fic. 6 200
Chemical rate constant effects on the potential—
time curves at a DME corresponding to an EC
mechanism when both chemical and electro-
chemical steps are irreversibie= 0,k;= 1 . 10°
emstia=05w=128 t=1sD,=1.10° -200
en? s, Npye 2° = 2/nFAVDACR = 1.5

s% The values ok,(s™) are:1 0.1,2 1, 3 —400
0

10. Other conditions as in Fig. 2

600

E(t) - E°
mv
400

200

Fe. 7 0
Heterogeneous rate constant effects on the
potential-time curves corresponding to an EC
mechanism at a DMK =5,k =k, + k,= 15 &, w= -200
08 s, t; = 055Dy, =1 .10 cn? s,
NDMEt%/SZ 2|0 InF WA CE = l.2§/6. The
values ofk,(cm Y are:1 1. 16, 25 . 104 31. 10°,
41 .10° Other conditions as in Fig. 2
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Figure 6 shows the effect of the homogeneous rate corgtanttheE—t curves for
an irreversible electrochemical proceks< 10°cm s?) and for an irreversible chemi
cal reaction K = 0). In this case, the decreasetgfdue to the increase &f, yielded
less enhanced shoulder. So, for high valuek; dhe shoulder completely disappea
(see curve3in Fig. 6).

We now shall analyze the influence of the reversibility of the electrochemical ste
E-t curves. Figure 7 shows the influencekgfon the EC mechanism fa¢ = 5. The
cathodic and anodic branches become more separateddaninishes. For a totally
irreversible process a shoulder appears on these curves. Furthermore, it can be s
the point of intersection, whose ordinate corresponds to the polarographic cro
potential, is independent on the heterogeneous kinetic parafm&ters

Determination of the Kinetic Parametemsand ls of the Electrochemical Step

Electrochemical kinetic parameters can be obtained by linear regression analy
E(t) vsin (gc) andE(t) vsin (ga) plots in agreement with Eq23) and @4). Thus, it is
possible to discriminate between an EC and an E process, since in the latter c:
functionggis identical to that obtained for an EC mechanism, while the funggitwas
a different form.

EXPERIMENTAL

Waveforms generation and data acquisition were performed using i—-SBXDDA4 and DASI1E
(ComputerBoards, U.S.A.) boards, respectively. All computer programs were written in our la
tory. Computer driven potentiostat—galvanostat was designed and constructed by QUICEL
(Spain). A SMDE was constructed using a DME, EA 1019-1 (Metrohm) to which a home-I
valve was sealed. Different open times in this valve allowed electrode radii to be between 0.!
0.05 cm. A reference was Ag/AgCI/KCl(sat) electrode. Working solutions (40% (v/v) ethanol)
prepared from an ethanolic 10 mmot &zobenzene stock solution (stored in dark) to which apy
priate amounts of water, ethanol and aqueous solutions of HEIONaCIQ were added. In all ex-
periments the temperature was kept constant at Zb2 °C. Other methods and experiment:
conditions are described in réf.

EXPERIMENTAL RESULTS

To verify methods proposed in this paper for the determination of the kinetic
ameters of the chemical step, the well known reduction of azobenzene was used

ing to Egs B), (C).

@NZN@ +2e +2H®

@NWNH@ (B)
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HoN
+

Here, azobenzene is reduced to hydrazobenzene which undergoes benzidin
rangement in strong acid. The kinetic studies rep&ttéghow that the rearrangemer
is of the first order for hydrazobenzene and of the second order for hydronium
According to these studies, in the presence of a strong acid, the process is of |
first order in hydrazobenzene, and the charge transfer reaction is reversible.

Figure 8 shows alternating current chronopotentiograms of azobenzene at s
acid concentrations. The theoretical transition tir@Eeof species B correponding to a
electrochemical process is shown in this figure. As discussed anWe,an upper
limit for 15. Apparently, this figure shows the presence of a chemical reaction
fluenced by acid concentration) following the charge transfer reaction. We can als
the complication appearing in the reduction mechanism of azobenzene in an unbt
neutral medium (curvé). The appearance of the shoulder associated with a quasir
sible charge transfer reaction is evident. Due to more complex interpretation of a:
zene reduction in a neutral medium, no kinetic analysis was carried out for this c

An interesting problem is the measurement of transition times. In fact, each pro
method implies some degree of arbitrariness. We have measyiesd the point at
which the concavity of the suddenly ascendastcurve changes. For this purpose, t
first derivative of theE—t curve was calculated and the transition time was definec
the point at which the derivative reached its maximum value, as illustrated in Fig

©

O
NH-NH —

0.5 T
E, VvV
0.4 L 4

0.3
0.2

0.1
Fic. 8

Experimental potential-time curves at ano0.0
SMDE corresponding to 2 mmotflazoben-
zene;w = 1 s 15= 35A, r,= 0.026 cm. 0.1
The concentrations of HCJCand NaClIQ (in
mol I‘l) are as follows1 0, 1.5;2 0.25, 1.25; -0.2
30.63, 0.87:4 1.25, 0.25 0
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According to Eq. 19) 1z is independent of, for an EC process. In Fig. 10 we ce
see this independence for benzidine rearrangement. Moreover, this characteristi
sumed as a diagnosis for the absence of a double layer capacitative distortion
when capacitative effects are presagtis dependent oh, (ref.5).

The results of our kinetic analysis carried out at three acid concentrations are
in Table I. As pointed out, for the calculation of the chemical rate constants
necessary to assume a value Kothe chemical equilibrium constant). According
previous reporf€-14 we assumd& = 0. As shown in Table I, the values found for tl
rate constant are practically independentpfindicating a good performance of th
method and also that the assumptionKof 0 is correct (henck; >> k). A direct
comparison of our results with those previously given in the literature is not imme
because these studies have been carried out under a wide range of experimenta

Fic. 9

i Experimental potential-time curves at a
SMDE (solid lines) and their first derivative
(dashed lines) corresponding to 2 mmdi |
azobenzene in 0.25 mol'IHCIO, and 1.25

mol ' NaClQy; 1o = 3.5 pA, ry= 0.026 cm.

10 The values ofo (%) are:1 1.00,2 0.75,3 0.50

Fic. 10
Experimental potential-time curves at a
SMDE (solid lines) corresponding to 2 mmal |
7 azobenzene in 0.25 mol'IHCIO, and 1.25
mol I NaCIQ,; w = 1.5 §%, ry = 0.026 cm.
The values ofl, (WA) are: 1 3.5,2 5, 3 6.
Circles correspond to theoretical curves cz
culated for a reversible charge transfer rec
tion with K = 0, w = 1.5 §% &ga = &g =
0.138 §¥2 =0,y =1, T = 298 K,E° =
0.0 ‘ ‘ ' : : 0.100 V. The values oRgype (53 are: 1

00 05 10 15 20 25,530 1193 21.705,3 2.046
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TaBLE |
Kinetic data for the perchloric acid-catalyzed rearrangement of hydrazobenzene in 40% (v/v)
nol-water solution of HCIQ+ NaClQ, mixture at 25°C. Azobenzene 2 mmolYy ry= 0.026 cm. It
is assumed thad, = Dg = 3.2 . 10%cm? s} (A = azobenzene, B = hydrazobenzene)

1

WS lor HA g, S k, st

[HCIO,] = 0.25 mol T, [NaCIQ)] = 1.25 mol T*
0.5 35 7.55 0.16
0.75 35 5.16 0.16
1.0 5.0 3.94 0.14
1.5 6.0 2.65 0.18
2.0 6.0 2.02 0.13
3.0 7.5 1.36 0.13
4.0 10.0 1.02 0.19

mean value: 0.1% 0.02

[HCIO,] = 0.63 mol T, [NaCIO|] = 0.87 mol T*
0.5 35 6.68 1.15
0.75 35 452 1.30
1.0 5.0 3.44 1.38
1.5 6.0 2.36 1.39
2.0 6.0 1.82 1.28
3.0 7.5 1.25 1.26
4.0 10.0 0.96 1.16

mean value: 1.2% 0.09

[HCIO,] = 1.25 mol T, [NaCIQ|] = 0.25 mol T*
0.5 5.0 6.43 3.26
0.75 7.5 4.33 3.36
1.0 75 3.28 3.39
1.5 7.5 2.22 3.65
2.0 7.5 1.69 3.73
3.0 7.5 1.16 3.60
4.0 10.0 0.89 3.53

mean value: 3.5@ 0.17
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tions. However, consulting réfs'4 the agreement with our results is clearly seen.
example, in retl, for a composition of solution similar to our own, 40% (v/v) ethanol :
0.25 mol t*HCIO,, they obtained a value fég = 0.143 s!, while the value obtained by u
under analogous conditions (except of the concentration of NaGl&sk, = 0.15 s*.

CONCLUSIONS

The application of an alternating current to spherical electrodes is a very pov
technique for characterizing an EC mechanism, under conditions at which the trar
time of the oxidized species, is not reached. Under these conditions, the transi
time of the reduced specigegis always reached during the first cycle of the alternat
current if species B is not initially present in solution. It involves an important ho
geneous kinetic information and does not depend on most experimental details s
the alternating current amplitudg, the electrode area and the initial concentration
the oxidized species. A suitable time scale for each kinetic situation is achieve
selecting an appropriate value ©f

The EC mechanism behaves as an E mechanism in the two xas&XK > 0 and
K >> 1, any value of.

WhenK = 0 the EC mechanism shows the most pronounced kinetic character a
ing to Eqg. R9). In this case, the oxidation transition tintg, diminishes when the
homogeneous rate const&qtncreases. WheHK > 0, 1z diminishes initially withk; + k,
until it reaches its minimum value. Thep increases to its upper limit given by th
oxidation transition time of an E process.

For totally irreversible charge transfer reaction, the cathodic regi@+tadurves is
identical for both E and EC mechanisms, while the anodic region is strongly depe
on homogeneous kinetics.

The procedures described in this paper for calculating chemical rate constant
been applied to the benzidine rearrangement reaction. The values obtained are in
ment with previous studiés'4

APPENDIX

The seriesS (i = A or B) andXg in the expressions for surface concentrations dep
on the type of the electrode. In this work these series have been derived for the
because for this electrode the problem is more general. Moreover, expressions ¢
for the expanding sphere electrode can be simply transformed for static spherica
trode (SMDE) and for planar electrode (PE).

The § and Xg series for a DME are given by

§=S(.8.0) = z((zlr)fl;f GA&B) (AD
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Gu(&i.B) = GPI(B) — EG(B) + EFGI(B) + ...

o+ B L7 pe
P4n+3D T3@an+5 " 18(@n+5@An+7)

GO(p) =

20 B°
+ = +
27 (An+5)(4n+ 7)(4n+9)

([

1 p? p°

SO = 4an+2) * Bzn+ 2@ +3) * A+ Aen+ Yn+4) *

B 0
@ =p, - %(4n+a (n+5@n+7 "3

whereQ, &; andf3 are dimensionless parameters given by

Q =t
_t _ Q
B= t+t Q+Q
with
Q=wt;
_2(Dp¥?
i~ rO
( 1)nQZn+l j E
=Xg(€aBX.Q) = eXp(—X)ZW j,n(EBiB)E
O
Ji n€s.B) = JAB) - ExIN(B) + E%J,(,zn) ®) B
0 g3 7 3¢
T® = P2,+4n+3 3@ +an+5 18 @+ A+ DG+ e T)

, 20 Be
21 (21+4n+5(21+4n+7)(21+4n+9)

000
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- 1 p°
‘]l('l”)(B)_4(j+2n+2) 8(J+2n+2)(]+2n+3)

3p°

32(J+2n+2)(]+2n+3)0+2n+4) (A12

1.0 1 B a
WO=p, e @+ 045 @ ranre@ranen o A
Y=kt . (A1

Particular Cases

Null blank period (f= 0). In this case the alternating current given by B®) (s
applied from the beginning of the drop life and EA4)(A5) can be included in
Egs L1)—(12) by settingP = 1.

Stationary spherical electrod&quations 11) and (2) for C, (ro,t) andCg(r,t) can
be transformed for a stationary electrode of #&eaA,= At 2 by assuming, >> t (or
B = 0) in Egs A3)—(A5), (A11)—(A13). Thus,

Ca(ro.t)

—1_ 12
o =1-Nsvpe S, (A1H
Celrot) _ 1
C ~ ek Mect Wonoet (KSs,  + s, 3 (A1§
2,
(A17)

N = -
SMPE™ hFAVD, CY

(1)n§22n+1m L1, 1
Z @n+1)! FPus 42n+2)7 2(4n+ 5Py

£2+.0  (AL9
0

~ ( 1)nQZn+l ]-D 1 _ 1
Penoe ~ P X)Z(2n+1)u'x Prms A +2n+2" "

1
+ -
2P2j+4n+3 (ZJ +4n+ 5

E?%--E- (A19
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Stationary plane electrodé=quations 11) and (L2) are transformed for a stationar
plane electrode of arel= A, t2® by setting&, = 0 andp = 0.

SYMBOLS

a (Bmpg/4md)Y/3

Aty time dependent electrode area for a DMEAGZ?)

Ao electrode area d¢= 1 s @o = (4m)Y3(3myg/d)?)

Di diffusion coefficient of speciesi = A, B or C

E° formal standard potential of the electroactive couple

k ki + ko

ki, ko homogeneous rate constants of the forward and reverse first order chemical reac

ks heterogeneous rate constant of charge transtet at

K cBicH

Myg, d rate of flow and density of mercury

Pj 20(1 +j/2)IC[(1 +j)/2]

ro electrode radius at tintefor a DME (o = at¥?3) or fixed electrode radius for an SMDE

t time elapsed between the application of the alternating current and the measuren
the potential

ts L+t

t1 blank period used, optionally, only with DME

B t(t +t1) = Q/(Q + Qq)

r Euler Gamma function

Mec (C8 + CE)/CH

& 2VDit/ro

o & Nt for an SMDEZ; t¥3#t for a DME

TA reduction transition time for an EC process

B oxidation transition time for an EC process

TBe oxidation transition time corresponding to an E process

X kt

w angular frequency of alternating currentr@2wheref is conventional frequency in Hz)

Q wt

Q1 wty

Other symbols have their usual meaning.
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