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ABSTRACT

The extension of cyclic chronopotentiometry to systems involving kinetic
complications, including preceding, following, and catalytic reactions and
combinations of these is described and tables are given which can be em-
ployed in a determination of the rate constants of these reactions. A general
digital computer program is presented which allows calculation for any re-
action scheme which conforms to the treatment of Ashley and Reilley. Ex-
perimental results for the electroreduction of p-nitrosophenol, an ECE-reac-
tion, and the reduction of titanium (IV) in the presence of hydroxylamine, a

catalytic reaction, are presented.

The technique of cyclic chronopotentiometry (CC)
in which the applied current is successively reversed
at each transition and the relative transition times de-
termined, has been applied to simple diffusion con-
trolled reactions (1), multicomponent systems (2), and
electrode reactions with following chemical reactions
(3). We recently discussed the application of CC to the
study of electrode reaction mechanisms (4) and sug-
gested qualitative guides for using CC as a diagnostic

* Electrochemical Society Active Member.

aid. We present here a discussion of the methods for
solving for the transition time ratios in CC for a num-
ber of different reaction schemes involving preceding,
following, and intervening chemical reactions and give
tables which can be employed in a determination of
the rate constants of these reactions. A digital com-
puter program is also described which can be used
to determine the relative transition times for any reac-
tion scheme amenable to the treatment of Ashley and

Reilley (5).
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Theoretical Treatment

One approach which can be employed to compute
tables of relative transition times for the different
cases involves treatment of each possible reaction
scheme separately. Concurrent chemical reactions re-
quire additional terms added to Fick’s diffusion law.
Thus, for the process

kiz
A = As 4+ ne—~ Aj [1]
21 1 |
ks2
the following partial differential equations hold
dC1 32Cy
—=D — k12C1 + k21Ca [2]
ot dx2
dCa 32Ce
—— =D 4~ k12C1 — k21C2 + k32Cs [3]
ot dx2
aCs 92C;
=D — k32C3 [4]

ot dx?

assuming all diffusion coefficients are equal. C, is the
concentration of the A, species and the other symbols
have their usual meanings. The above system of par-
tial differential equations can be solved by making
suitable substitutions, namely 6 = C; + Cs + Cs,
which gives

a6 D 526
—_—= {5l
ot dx2
v = C3 which gives
i 9%y
—_——=D———k 6
o Py Y [6]

and 8§ = C3 4+ AC; 4+ BC,, which gives for proper
choice of A and B
L) 920
=D

E dx2 — ko 7]

Further details concerning the solution of these equa-
tions are given by Hung, Delmastro, and Smith (6).
Their results for the convolution integral will be used
here. For example their solution for the concentrations
of A, and Aj for the above case (their equations 78,
79, 109-114 and k¢y = 0) is the following

Cy = Co° — [nFA (Dn)1/2] -1

L ke ~1/2
1), e i(t—2A) di [8]

t
sz‘f; e TMztRN L gy -1z dn ]

t —
Cs = [nFA (Dn)1/2] 1 fo e F2 i(t—2n) A~1/2d) [9]

where
kizs—k k
12— ka2 and Ly — a1
kiz + kot — ka2 k1o + ko1 — k32

Substitution of constant current boundary conditions
and proper use of the step function theorem allows
solution for the CC transition time ratios. The pro-
cedure is quite similar to the method used in earlier
papers in this series where the computer programs
were published (1-3).

In this case the computer program would generate
the following equation for the third transition time

f(x) = ka1 (k1o + ko1) ~1/2[erf ({ (k12 + ka21) x}1/2) ]
+ (k12— kag) (ka2) ~1/2[erf ({ksax}1/2)] [10]

L, =

and

flr1) = f(w1 + 12 4+ 13) — Rf(v2 + w3) + Rf(w3) [11]
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T
. 2 .
where t; is one, erf(x) = 2n—1/2 j:) e~ 7 dr, R = (iRed

4 4ox)/irea and Tte is calculated in the previous step
from an equation representing Aj. The above nonlinear
equation is solved using a standard numerical tech-
nique, e.g., the Newton-Raphsen method. Successive
approximations are generated from evaluations of the
function and its derivative. Occasionally this method
does not converge and it is necessary to use our
previous “brute force” method (1) which is quite a
bit slower. While this approach works well and ex-
tensive tables of transition time ratios can be pre-
pared in a comparatively short time using a digital
computer, certain statements in the program have to
be drastically modified each time a different mech-
anism is considered. Most of the theoretical calcula-
tions reported here were done using the above method
and the convolution integrals reported by Hung,
Delmastro, and Smith (6).

Recently Ashley and Reilley (5) showed how elec-
trochemical systems coupled only by first order chem-
ical reactions could be treated in a general way and
general equations formulated. They considered sub-
systems of the form

k12
Ay = Ay
ka1
\ k%

ki3 Kas
ks1
: As

[12]
and obtained the following equation for the concen-
tration of the species in the Laplace transform plane

Cp=C0— D123 03T Kygn (s + xn) "2 [13]
g h

where K, and x; are constants, which are determined
by the rate constants of the coupled reactions in [12].
This equation is derived using substitutions such as
those described before and applying matrix algebraic
methods. The values of Ky, and x;, in terms of the rate
constants are given in (5). Inverse transformation of
[13] gives the desired convolution integral. This is
particularly easy for chronopotentiometry, because
the fluxes of the components are constant.

The computer program discussed before was modi-
fied to treat the more general case embodied by Eq.
[13]. A FORTRAN subroutine was written which
evaluated the constants Ky and xn and FORTRAN
function subprograms were used to evaluate the
summation and its derivative. The Newton-Raphsen
method could then be used to solve for the individual
transition time ratios. As expected, both methods gave
the same results for selected systems. However, the
general method is by far the more convenient. It is
just necessary to label the species in a subsystem,
decide which are oxidized or reduced and what values
should be picked for the rate constants and the pro-
gram does the rest. The only programming changes
which are necessary when different reaction schemes
are considered involve only input and output. A listing
of this program for the system in Eq. [12] is available
to interested readers and can easily be adapted to
other mechanisms.

Theoretical Results

The characteristics of each mechanism are treated
separately. The mechanisms that are discussed include
reversible chemical reactions preceding, following,
and in parallel (catalytic), with the electrode proc-
ess proper, as well as mixtures of each. The convolu-
tion integrals have been tabulated by Smith and co-
workers (6) and will not be repeated. The familiar
ECE case and its extension is also discussed. For all of
the cases described we assume an initial reduction,
equal diffusion coefficients for all species, and equal
current densities for reduction and oxidation.
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Table I. Relative transition times for cyclic chronopotentiometry with a preceding chemical reaction
kia
A1 = Ay + nes Az
ka
an
ki 71 =0.5 0.5 0.5 1.0 1.0 1.0 2.0 2.0 2.0
n
ko 11 =0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0
1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
2 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333
3 0.684 0.733 0.750 0.641 0.665 0.670 0.606 0.614 0.614
4 0.392 0.411 0.417 0.375 0.385 0.387 0.362 0.365 0.365
5 0.670 0.721 0.725 0.607 0.631 0.633 0.565 0.573 0.573
6 0.428 0.455 0.458 0.397 0.410 0.411 0.376 0.380 0.380
7 0.663 0.713 0.711 0.590 0.614 0.615 0.545 0.553 0.554
8 0.452 0.483 0.483 0.411 0.426 0.426 0.385 0.389 0.390
9 0.659 0.707 0.702 0.579 0.603 0.604 0.533 0.541 0.542
10 0.469 0.502 0.500 0.420 0.436 0.437 0.391 0.396 0.397
Preceding chemical reaction.— second transition time to be larger than the first. Any
reaction involving a reversible catalytic system can be
k2 identified by the fact that an equilibrium amount of
- . Iy » .

Ay e Az + ne—> As [14] reduced form is present. Initial oxidations can con-
21 firm this presence. The second transition time may be

Relative transition times (a, = 1n/71) for this case for
different values of kj» and kg; are given in Table I
Note that in this case the second relative transition
time (ag) is not affected by the chemical reaction, but
a; becomes larger than in the diffusion controlled
case. In most cases the odd relative transition time
decreases as in the diffusion case, but if the rate of
the reverse reaction (kgit1) is large, increases may be
observed. If both values of the rate constant are
quite large the diffusion controlled situation is ap-
proached again. This is true of many of the reversible
mechanisms. A preceding chemical reaction can be
positively differentiated from a catalytic type mech-
anism in which 13 may be larger than diffusion by its
diffusion controlled value of a; (1/3). In some of the
reversible cases a steady state value for the relative
transition times may be attained which can 'be used
to calculate the rate constants, although convection
might interfere with this measurement.

Parallel (catalytic) reversible reaction.—

A +ne— Ay

ki [15]

The case of CC involving an irreversible catalytic re-
action has been treated previously (3); we extend
the work here to include a reversible reaction (Table
II). Since A; and A; are in equilibrium before the ap-
plication of the constant current, it is possible for the

Table 1. Relative transition times for cyclic chronopotentiometry
with a parallel (catalytic) reaction

A1 + ne— A

ar=
ki
an
kiz7i = 0.5 0.5 1,0¢ 0.0 0.0
n
kari= 0.5 1.0 1.0 0.5 1.0
1 1.000 1.000 1.000 1.000 1.000
2 1414 0.370 1.273 0.227 0.167
3 1.408 1.035 1.272 0.634 0.673
4 1.409 0.370 1.272 0.232 0.169
5 1.409 1.033 1.272 0.609 0.658
6 1.409 0.370 1.272 0.233 0.169
7 1.409 1.033 1.272 0.600 0.655
8 1.409 0.370 1.272 0.234 0.169
9 1.409 1.033 1.272 0.597 0.654
10 1.409 0.370 1.272 0.234 0.169

¢ No reverse transition is observed for kiz71 = 1.0 and kKaim1 =

lower than the diffusion controlled value but the third
is higher than would be expected from an irreversible
catalytic or kinetic mechanism calculated for the same
rate constant. Interestingly we have found empirically
that no second transition can be calculated for values
of the rate constants when

(kig/ka1) erf { (k2 11) V2 =1
Following reversible reaction.—

Kos
A+ ne- Ay = Ag [16]
Kaz

This case, treated previously for an irreversible fol-
lowing reaction [3], is characterized (Table III) by a
second relative transition time which is smaller than
0.333. The even relative transition times calculated
assuming this mechanism do not decay as fast as
those found for an irreversible following reaction. No
initial concentration of As would normally be ob-
served with this system.

ECE mechanism.—
ka3
A+ ne> Ay > Az+ ne—> Ay [17]

This reaction sequence is fundamentally different
from the general sequence of Eq. [12], and cannot be
treated by modification of the general computer pro-
gram for a three component subsystem. The ECE
mechanism under consideration here is the one in
which As is reduced at potentials considerably less
cathodic than those required to reduce Aj, so that on
current reversal where A, is oxidized, A3 continues to
reduce. The treatment involves evaluating the cur-

Table 111. Relative transition times for cyclic chronopotentiometry
with a following reaction

ks
AL+ ne—» Az = As
82
an
knri= 05 1.0 0.5 1.0 0.5 1.0
n
KsaaTi= 0.0 0.0 0.5 0.5 1.0 1.0
1 1.000 1.000 1.000 1.000 1.000 1.000
2 0.227 0.187 0.244 0.188 0.258 0.207
3 0.463 0.384 0.484 0.413 0.501 0.438
4 0.200 0.138 0.233 0.171 0.258 0.201
5 0.373 0.292 0.412 0.336 0.441 0.373
6 0.180 0.120 0.226 0.162 0.259 0.198
7 0.321 0.243 0.375 0.298 0.412 0.342
8 0.165 0.108 0.222 0.156 0.260 0.197
9 0.285 0.211 0.351 0.274 0.394 0.323
10 0.153 0.099 0.218 0.152 0.261 0.196
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rent transforms of Ay and A, by the method described
in detail in a previous paper (7). The relative transi-
tion times are determined in the same manner as be-
fore, after inverse transformation of the concentration
response (Table IV).

Several recent communications have discussed meth-
ods of treating the ECE mechanism [see ref. (7-10)
and references contained therein]. An ECE reaction
is indicated when another electrode couple appears at
potentials less cathodic than those of the main reduc-
tion wave. The third transition time, although smaller
than that observed in a diffusion controlled reaction,
is not as small as that of an irreversible following re-
action.

Hawley and Feldberg (8) recently pointed out that
for the ECE mechanism treated above, the following
additional reaction should be considered

Ay +As= Ay + Ay [18]

A preliminary investigation of relative transition times
taking account of this reaction shows only very small
differences with transition times in Table IV, so that
CC is probably not useful in gauging the importance
of [18] in a proposed ECE mechanism.

Mixtures of the above cases.—A large number of
possible reaction schemes can result from the simul-
taneous occurrence of preceding, parallel, and follow-
ing reactions. Some typical cases are shown in Table V.
In general these more complicated cases are suggested
when relative transition time trends similar to the
simpler cases are observed, but a good fit to these sim-
pler cases cannot be obtained with a given set of rate
constants. However, as more complicated schemes are
invoked to explain a reaction, more and more adjust-
able parameters (rate constants) are included and a
better fit to the experimental data is expected. CC has
the advantage over cyclic voltammetry that the rate
constants of the electron transfer reactions do not
enter into the consideration, but CC is probably more
sensitive to adsorption of reactants, products, and in-
termediates. Certainly elucidation of a reaction mech-
anism requires that other electrochemical techniques,
such as polarography and coulometry, and analysis of
reaction products and intermediates, also be under-
taken.

Experimental Results

Electroreduction of p-nitrosophenol.—The electrore-
duction of p-nitrosophenol has been studied by various
workers (7,10, 11) using a variety of techniques and
has been shown to follow the general ECE reaction
scheme. The following reactions are given for the re-
action

H
NO — C¢Hy— OH + 2H* 4 2¢ » HON — C¢H4 — OH
[19]
H k
HON — CgHy — OH » HN = CgHy = O + H,0 [20]

HN = CgHy = O + 2H* 4 2e »> HoN — CeHs— OH [21]
A comparison of experimental results for the rela-
tive transition times in CC with calculated ones are

Table 1V. Relative transition times for cyclic chronopotentiometry
with ECE mechanism

koa
As + ne—> Ag ~» As + ne-> Ay
Qan

CYCLIC CHRONOPOTENTIOMETRY

n kst1i= 0 0.2 0.4 0.6 0.8 1.0
1 1.000 1.000 1.000 1.000 1.000 1.000
2 0.333 0.241 0.182 0.142 0.114 0.093
3 0.588 0.542 0.494 0.447 0.403 0.362
4 0.355 0.228 0.161 0.120 0.094 0.076
5 0.546 0.471 0.406 0.352 0.306 0.269
6 0.366 0.215 0.145 0.106 0.082 0.066
7 0.525 0.427 0.353 0.297 0.254 0.220
8 0.373 0.203 0.133 0.096 0.074 0.060
9 0.513 0.394 0.315 0.260 0.220 0.190

10 0.378 0.192 0.123 0.089 0.068 0.055
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given in Table VI. We also considered the possibility
of the following reaction occurring in the reaction se-
quence, after the suggestion of Hawley and Feldberg
(8)

HOH — C¢Hy— OH 4+ HN = CgHy = (0]
fast
——> HoN — C¢Hy — OH 4+ NO — C¢Hy — OH [22]

If the rate of Eq. [22] is assumed fast, calculated
results assuming the sequence Eq. [19], [20], [22] fit
the experimental data just as well as with an assumed
ECE mechanism. The rate constant for Eq. [20] by
either mechanism is about the same. This finding is in
agreement with that for chronoamperometry (8)
where it was found that for small values of kt (or in
CC, small values of kt;) both mechanisms give almost
the same working curves. Note that it is relatively
easy to differentiate the ECE mechanism from other
common possibilities with the use of cyclic chronopo-
tentiometry. The decrease in the second relative transi-
tion time could be explained by a simple catalytic or
kinetic mechanism. The 3rd transition time (and sub-
sequent ones) serves to differentiate among these
mechanisms.

Electroreduction of titanium (IV)—hydroxylamine
system.—The reaction of electrochemically generated
titanium (III) with hydroxylamine has been studied
by several groups (3,12-14). In a previous study in
this series (3) we used this reaction as an example of
a simple catalytic reaction scheme, i.e.

A; +ne—> As [23]
k
As + Y- A [24]

Some discrepancy was found between the theoretical
calculations and the experimental results for that
system. The experiments were done under conditions
where the pseudo first-order rate constant (kCy) had
to be low because of the limitations imposed by the
use of mechanical relays for switching. Because the
hydroxylamine concentration had to be kept small, the
ratio of hydroxylamine to titanium (IV) was only
about 25 to 1. This may not have been a sufficient ex-
cess of reactant to maintain true pseudo first-order
conditions. The experiments were repeated here using
the electronic switching apparatus previously de-
scribed (15) and ratios of hydroxylamine to titanium
(IV) of 200 to 1. The relative transition times found
under these conditions are in much better agreement
with the simple catalytic mechanism than those given
before (Table VII). The rate constant calculated from
this data is also in good agreement with that reported
by Christie and Lauer (12) at the concentration ratio.
Further studies on this system to determine the range
of pseudo first-order conditions is presently under in-
vestigation by one of us (HBH). Since this system does
not give very well-defined complete chronopotentio-
grams, cyclic chronopotentiometry would probably not
be the method of choice in an experimental study.
Poor forward transitions are usually found for cata-
lytic systems so that a method such as current rever-
sal chronopotentiometry, which does not require go-
ing through a first transition, would be more suitable.

Conclusion

Cyclic chronopotentiometry does appear to have
some real advantages for study of complicated reac-
tions over other techniques. Since the general solution
for coupled chemical reactions in a three component
subsystem has appeared (3), the method presented
here can be used to prepare tables of transition times
ratios for the systems discussed and many other pos-
sible reaction schemes. No assumptions are required
about the rates of electron transfer, which complicate
considerations in other techniques, such as cyclic volt-
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Table V. Relative transition times for cyclic chronopotentiometry for several reaction schemes
1. Reversible preceding with irreversible catalytic reaction
Kia
A; = Az + ne- Ag
ka A Kaa
k;
an
kairi= — —_— — —_ — — — 0.5 1.0
kiaTi= 05 0.5 1.0 1.0 0.5 1.0 1.0 0.5 1.0
kati= 05 1.0 1.0 0.5 0.5 1.0 0.5 0.5 1.0
n ksz71i= 0.5 0.5 0.5 0.5 1.0 1.0 1.0 0.5 1.0
1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
2 0.227 0.227 0.227 0.227 0.167 0.167 0.167 0.167 0.105
3 0.7717 0.881 0.748 0.708 0.673 0.867 0.785 0.673 0.737
4 0.254 0.268 0.250 0.244 0.169 0.182 0.177 0.169 0.105
5 0.805 0.931 0.739 0.698 0.658 0.889 0.796 0.658 0.733
6 0.267 0.286 0.257 0.250 0.169 0.186 0.180 0.169 0.105
7 0.823 0.952 0.735 0.693 0.655 0.895 0.801 0.655 0.732
8 0.274 0.294 0.260 0.252 0.169 0.187 0.181 0.169 0.105
9 0.833 0.960 0.734 0.692 0.654 0.896 0.803 0.654 0.732
10 0.277 0.297 0.261 0.253 0.169 0.187 0.181 0.169 0.105
2, Reversible preceding with following reaction
K1z 1’
A; = Az + ne> A = Ag
ka ke’
an
ko' 11 = — — — — — — —_— — 0.5 1.0
Kiari = 05 0.5 1.0 1.0 0.5 0.5 1.0 1.0 0.5 1.0
kaami = 05 1.0 1.0 0.5 0.5 1.0 1.0 0.5 0.5 1.0
n k' ri= 05 0.5 0.5 0.5 1.0 1.0 1.0 1.0 0.5 1.0
1 1.000 1.000 1.000 1.000 1.000 1,000 1.000 « 1.000 1.000 1.000
2 0.227 0.227 0.227 0.227 0.167 0.167 0.167 0.167 0.244 0.207
3 0.555 0.611 0.547 0.517 0.468 0.527 0.469 0.436 0.577 0.522
4 0.218 0.228 0.217 0.211 0.149 0.155 0.149 0.145 0.256 0.219
5 0.477 0.536 0.460 0.430 0.380 0.438 0.373 0.342 0.524 0.462
6 0.206 0.220 0.202 0.195 0.136 0.145 0.135 0.130 0.264 0.227
7 0.427 0.484 0.405 0.376 0.330 0.384 0.319 0.290 0.495 0.431
8 0.195 0.210 0.190 0.182 0.127 0.136 0.124 0.119 0.269 0.232
9 0.389 0.444 0.366 0.338 0.296 0.347 0.282 0.256 0.476 0.413
10 0.185 0.200 0.179 0.170 0.119 0.129 0.116 0.110 0.274 0.237
3. Reversible following with catalytic reaction
kos
Al + me— Ag = Ag
JF ka T Kaz
ka1
an
Kenti= — — — — —_ —_ —_ 0.5 1.0
kaati= 05 0.5 1.0 1.0 0.5 1.0 1.0 0.5 1.0
ks ti= 0.5 1.0 1.0 0.5 0.5 1.0 0.5 0.5 1.0
n kaari= 05 0.5 0.5 0.5 1.0 1.0 1.0 0.5 1.0
1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
2 0.177 0.143 0.155 0.185 0.136 0.122 0.141 0.176 0.118
3 0.497 0.414 0.445 0.520 0.500 0.445 0.530 0.549 0.563
4 0.168 0.131 0.149 0.182 0.129 0.117 0.138 0.171 0.116
5 0.430 0.341 0.385 0.468 0.434 0.389 0.481 0.505 0.537
6 0.162 0.124 0.146 0.180 0.125 0.114 0.136 0.168 0.116
7 0.396 0.305 0.358 0.445 0.402 0.365 0.461 0.487 0.530
8 0.158 0.120 0.144 0.179 0.122 0.113 0.135 0.167 0.115
9 0.376 0.284 0.343 0.432 0.382 0.351 0.450 0.479 0.528
10 0.156 0.117 0.144 0.179 0.121 0.113 0.135 0.166 0.115

ammetry. The data for CC can be interpreted without
knowing the applied current, electrode area, diffusion
coefficient, or concentration. It is sufficient to measure
the relative transition time ratios and the first transi-
tion time in order to calculate the chemical rate con-
stants, if the mechanism is known. If the mechanism is
not known, CC can be used as a diagnostic tool to
eliminate all but a few plausible reactions.

Cyclic chronopotentiometry does appear to have
some real disadvantages. The effect of double layer
charging and of adsorption of electroactive species has
been ignored. Both tend to reduce the fraction of the
current (ideally one) which goes to the faradaic re-
action. Ordinary CC can be improved by the addition
of derivative readout and some work along these lines
has been reported (16).

Experimental

The operational amplifier apparatus previously de-
scribed (15) was used for cyclic chronopotentiometry.

The p-nitrosophenol was purified according to the di-
rections of Alberts and Shain (11). Fischer purified
titanium tetrachloride was used as-received. The po-
tential-time curves were recorded on a Tektronix 564
storage oscilloscope and photographed with a Tek-
tronix C27 oscilloscope camera equipped with a Polar-
oid back.
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Table V1. Experimental and theoretical relative transition times

for electroreduction of p-nitrosophenol®

an

n Experimental

Theoretical

1. 71 = 1.34 sec. Theoretical calculated for kri
(

k = 0.42 sec-1)

1.000
0.149
0.449
0.136
0.372
0.121

GO OB

2, 71 =0,

(=]

k = 0.40 sec-1)
1.000
0.220
0.527
0.198
0.458
0.186

U WN P

1.000
0.149
0.457
0.127
0.362
0.112

55 sec. Theoretical calculated for kT3
(

1.000
0.220
0.528
0.204
0.450
0.189

0.56

0.26

& Solution contained 1.0 mM p-nitrosophenol in a buffer of 1.0M
acetic acid, 1.0M sodium acetate, and 1.0M potassium nitrate (20%
v/v) ethanol). Hanging mercury drop electrode employed.

N R

[%]

o -3 O
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Table VII. Experimental and theoretical relative transition
times for electroreduction of titanium (IV) in the absence
and presence of hydroxylamine?

Ti (IV) + e—» Ti IID)

k NHOH
an

n Experimental

Theoretical

1. No hydroxylamine; io = 0.43 ma/cm?; 7 = 180 msec

1.00
0.34
0.62
0.34
0.58
0.36

O O N =

2. 0.20M hydroxylamine; io = 0.74 ma/em?; 11 =
Theoretical calculated for kC 71 = 0.70 (k =

40 1-mole-1-sec-1)?
1.00
0.20
0.67
0.24
0.66
0.23

RN+

1.00
0.33
0.59
0.36
0.55
0.37

6 msec.

« Solution contained 1.0 mM titanium (IV) and 0.20M H:C:Os.

Hanging mercury drop electrode employed.

» Compare to k = 37 [ref. (12)], k = 45 (polarography), and
k = 33 (from first transition time) 1-mole-1-sec-1.
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