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The steady-state limiting current at a rotating disk electrode was simulated for a
complex mechanism involving homogeneous electron transfer from a mediator to an
alkyl halide leading to a short-lived radical that either couples with the anion radical
of the mediator or is reduced by it. The simulations consisted of the iterative solutions
of the linearised form of the nonlinear system of equations resulting from the
formulation. The working curves derived from the simulation were compared with
experimental curves, and the competition parameter and the rate constant for homo-
geneous electron transfer were measured. The results were compared with results
obtained by other electrochemical techniques, and generally good agreement was

found.

Ongoing work in our laboratory on the indirect catalysed
reduction of organic halides has led to the formulation of
the mechanism shown by reactions (1)—(4). In our case with

A+ewB (1)
B+C—>A+D (k) @)
B + D— BD (ky) 3
B+D—>A+E (k) 4)

the indirect reduction of organic halides, A is a large aro-
matic compound like anthracene or perylene, and B is the
corresponding anion radical. In the initial homogeneous
electron transfer [reaction (2)], B acts solely as a mediator
that transfers an electron to the substrate C, typically an
alkyl halide. This anion radical cleaves immediately to the
halide anion (not shown in the equations) and a radical (D)
in a reaction that in most cases is believed to be concerted
with the initial homogeneous electron transfer.! D is a
short-lived radical that reacts with another anion radical B
either by coupling [reaction (3)] or by a single electron
transfer [reaction (4)]. The products BD and E are non-
electroactive anions that react further by abstracting a pro-
ton from the solvent or another proton donor. This mecha-
nism has previously been investigated by cyclic voltamm-
etry (CV), linear sweep voltammetry (LSV),>* and most
recently also by double potential step chronoamperom-
etry.* Nolan and Plambeck® have used orthogonal colloca-
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tion® to simulate the steady-state limiting current at the
rotating disk electrode (RDE) for a similar catalytic mecha-
nism in the special case when k, = 0. This paper reports a
convenient way to simulate the steady-state limiting current
for the mechanism at the RDE, by iteratively solving the
linearised form of the nonlinear equations resulting from
the formulation.

Assuming Nernstian equilibrium for reaction (1) we have
eqns. (5)—(7) for the concentrations c, of species X, (X=A,
B, C) at the RDE, in which the diffusion coefficients D

dc, d%, c,

a5 =P + kicpe. + kscpcqg — v, 5; 5)
¢y, d%, 3¢y,

g = Dg = kicoe. — kyepeq — ksceq — "xa (6)
ac, %, dc,

o = Dag ~ ko —ve g, @)

have been taken to be equal. The symbol ¢ stands for time,
x for the distance normal to the disk from the disk surface,
and v, is the velocity of the liquid in the x-direction. As
substance D is assumed to be a short-lived radical, we can
now apply the chemical steady-state approximation for the
concentration of substance D at any point in space [eqn.
(8)]. Using eqn. (8) and defining the dimensionless

dcy

P 0, i.e. kicye, — (ky + k3)ecq = 0 or

C,Cq = CCe 8
btd k2+k3 b ( )
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parameter q = k;/(k,+k;), eqns. (5)—(7) become eqns.
(9-(11).

aCa 82 aca

D— _— 9
¢y, d%, dc,
Pyl D‘—a 7 — 2kicc. — ’ax (10)
3¢, Dazcc . ac. "
at = ax? = KiGpCe — Vi ax ( )

The thickness of the diffusion layer at an RDE is given by
eqn. (12),” where v is the kinematic viscosity coefficient of

d = 1.61166D"3v5q~12 (12)

the liquid and w is the angular velocity of the RDE. The
velocity in the x-direction (perpendicular to the electrode)
is? given by eqn. (13).

v, = —0.510v" 232y (13)

Let the observation time be T = % D. Normalizing as usual
by 1, d and ¢} (bulk concentration of species A) we have
eqns. (14)—(16), and defining the kinetic parameter A =
tcyky, eqns. (9)-(11) become eqns. (17)—(19).

C. = clct (14)
T = tlt = tD/®? (15)
Z=xld (16)
3G, _ %6, AM1+4)C,C, + 2. 1352; 17
T~ a3zt (1+9)C,C. + a17)
€, FG,

37 =57~ DGC.+2 13522— (18)
aC, C, , aC., o
5r =~ 3z~ MGG+ 2.13521——82 (19)

In order to have as few points as possible in the concentration
profile for each species, we transform Z to Y using Feldberg’s
exponentially expanding function,®® eqn. (20) or (21),

= In (1+42) (20)

1
Z=~e"-1) (1)
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where a is a real number chosen in the interval between 1
and 3.

With this transformation (for details see Ref. 9) and now
setting all 3C/3T to zero (steady state at the RDE), we
finally have the non-linear system comprising eqns. (22)-
(24).

-

3*C,
37 " 3y — 4 M1+q)a~%e?C,C,
ac,
+ 2.135(e¥—-1)%a"3eY = 0 (22)
3*C, 3G,
W - 5‘ - ZM_ZCZYCbCC
p.
3C
+2.135(e"—1)a % -37" =0 23)
¥C. aC
BYQ—BY~M e”"C,C,
aC,
+2.135(e"~1)a e~ = 0 (24)

These equations are now discretized,” and after re-
arrangement and substitution with eqns. (25) and (26),

s; = 1.0675(e"—1)%a3He' (25)

pi = a2 HReHH (26)

where H is the length of one interval in Y-space, eqns.
(22)—(24) become eqns. (27)-(29) (for i....m).

r H H
Com (145 =51) = 20,4Cun (1= +5,

+ M1+9)p,C,,C.; = 0 (27)
H
Co <1+; - si) = G (2+20p,C,)
1 H
+ Cyin (1 - 5 + si) =0 (28)

H
Cei (1"'5 - Si) = C.(2+M\piCy))

H
+ Cint 1—5 +s5]1=0 (29)

Applying the boundary conditions of eqns. (30a—d), the
remaining equations are provided.



-

Ca.m+1 = 1, Cb,m+1 = 07 Cc.m+1 = C: = )‘

(semi-infinite conditions) (30a)
C,, = 0 (transport limited current) (30b)
1 (3C, 3G, . i 30
=- |—= t
37 v ) ., (flux equality) (30c)

aC, .
Y ) v

(C is electroinactive at the working potential) (30d)

To eliminate the awkward nonlinear terms C,,C,; in this
system of equations, the Newton—Raphson method is con-
venient.' Let f, ;, f5; and fc, be the left-hand sides of eqns.
(27)~(29), respectively. A first-order Taylor approximation
of the f,;, fa,; and fc, is applied, resulting in the system of
linear equations in the approximate error terms d.X; (for i =
1....m) given by eqns. (31)-(33).

H H
fat (1455 ) 841 = 284, + (1745, | 84,

+ M1+q)p.C. 8B, + M1+q)p.C, AC; = 0 G
H
foi + 1+5 -s; | 8B, — 2(1+Ap,C, )dB;
H
+ 1—5 +s; ) 8B,y — 2Ap,Cy 06C; = 0 (32)
H
fo + 1+—2' =51 8C,_; + (2+hp,C,, )OC;

H
+ <1—5+ S,-) 6C‘i+1 - }"picc,lﬁBi =0 (33)

It remains to implement the boundary conditions [system
(30)] in this new set of equations, and provided that the
boundary conditions hold for the first estimate of the con-
centration profiles, we have that C,g, C, 141, Cp ey and
C. 4+ all are known, so the corresponding values of & must
be zero. To evaluate 8B, we use the flux equality condition
for A and B. In the two-point approximation to the gra-
dient this becomes eqn. (34a or b) in discrete form. Simi-

Cii— Co=Cyp— Gy (34a)

8A, — 8A, = 0B, — OB, => 8B, = dA, + B,  (34b)

larly, from the boundary condition for species C we have
eqn. (35a or b). In the actual implementation a five-point
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Cc,l —Co = 0 (358)

approximation was used,” which gives somewhat more
complicated expressions, but the principle is the same.

Now if we have a reasonable estimate of the concentra-
tion profiles (see below under Results and discussion), we
can evaluate the f,;, f5; and the f; and solve the new system
of equations with respect to the d values. The new system
of equations in corrective terms 9, all linear, can now be
solved simply by using any available computer routine for
the purpose. The & terms are correction terms for the
concentration profiles, so one adds these to the corre-
sponding concentrations in order to obtain the corrected
profiles. As the first estimate to the profiles is an approxi-
mation, the procedure must be repeated with the corrected
profiles, until the d terms are sufficiently small. Experience
shows that about three or four iterations suffice. Note that
the system of equations (31)—(33) contains many constant
terms that can be precalculated and stored.

Implementation

Programming was done in FORTRAN, and the programs
were run on a Digital Equipment Corporation VAX 6210
computer under VMS.

There are three basic parameters in the simulations, the
first being the bulk concentration of component C. In the
normalised case this is a pure number, here called y (the
excess factor). Next is the kinetic parameter A, which con-
tains information about the rate constant k,, the angular
velocity o of the RDE, the kinematic viscosity coefficient v
of the liquid and the diffusion coefficient D of the species
(assumed common to all species). Last we have the g-
value, which is a pure number between 0 and 1. This
number contains information about the rate of coupling
towards the catalytic effect (pure coupling when g=0 and a
pure catalytic effect when g=1). These are the variables
that must be changed over a (wide) range in order to fit the
simulations to experimental results.

There are also a few parameters that only concern the
simulation itself: the integer m (there are m+2 points in
each concentration profile), the number a connected with
the unequal intervals [eqn. (20)], and the number Z,,
which sets the distance out in the solution to which the
calculations should be made. Z, is given in units of the
thickness of the diffusion layer, and its determination has
been described’® (about 3 units suffice).

Since the procedure as described was unknown territory
for the present authors, it was clear that it needed check-
ing. The method adopted was to write an additional inde-
pendent program, directly simulating the normalised form
of eqns. (17)-(19). For simplicity, the explicit point
method® was used. The simulated current (using a five-
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Fig. 1. Working curves showing the kinetic current increase ix/iz as a function of log k. The working curves are shown for g=0.0 to
g=1.0 with a spacing of 0.1 between the curves. In all cases g=0.0 corresponds to the bottom line and g=1.0 to the top line. Curves
are shown for four different values of y, y=1 (top left), y=2 (top right), y=5 (bottom left) and y=10 (bottom right). Examples of fits to
working curves are also shown for different mediators and alkyl halides. The symbols on the curves stand for: (®) 9,10-
diphenylanthracene and benzyl chloride, (A) anthracene and 1-chloro-1-phenylethane and (B) pyrene and ethyl bromide.

point approximation) came to a steady state in about two
T-units and, for a set of quite widely varying simulation
parameters, matched results from the present method
within computational precision. After this check, the pre-
sent direct method was used to compute the working
curves.

Application to experiments

The simulations were carried out for different values of v, g
and A in order to make working curves to be used for fitting
with experimental curves. Working curves were made for
v=1,2,5, 10, 20, 50 and 100, and for each value of y curves
were made for g=0.0, 0.1, 0.2 .... 1.0. Four of the working
curves are shown in Fig. 1. The curves show the normalised
current function, which is identical to the catalytic current
increase, versus the logarithm of k as defined by Nolan and
Plambeck® in eqn. (36). k is equal to A as defined above,
k=(v/D)"kc}lw (36)
except for the constant 1.61166 squared. We used k in order
to compare our results with the results of Nolan and Plam-
beck. For all values of y the curve corresponding to g=0.0
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is the lowest, and the curve corresponding to g=1.0 is the
highest. Our results for g=1.0, seem to be in good accord
with the working curves published by Nolan and Plam-
beck.’

The lowest uncertainty in the measurements will be en-
countered in the region of k, where there is the largest
change in ig/ix per unit change of k, and from the working
curves we find that this roughly corresponds to a region of k
where —0.7 < log k < 2.5. With v = 8.43x1073 St (=
7.96x1072 poise, DMF at 25°C),"! D = 1.0x107° cm? s~}
and normal experimental conditions ¢} = 1.0x107* M and
50 < o < 300 s7! (500 < f < 3000 r.p.m., where f is the
rotation rate of the RDE) this corresponds to a region of k;,
ranging from 10° to 107 dm® mol~! s™!, so the reactions that
can be studied by the method have a rather high secondary
rate constant for the homogenous electron transfer.

The method described in this paper is an indirect
method, i.e. involves two experiments. In this respect the
method is similar to the LSV method described by Pe-
dersen.? In the first experiment the reduction current plat-
eau iy, when only the mediator A is present, is measured at
different rotation rates of the RDE, and in the second
experiment the current plateau iy is measured after the
substrate C has been added. The dimensionless ratio ix/ix
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Table 1. g-Values and rate constants for some alkyl halides and mediators determined by RDE and by other electrochemical

techniques.
Mediator Alky! halide Y grioe k,R°E/dm® mol~' s~! qsv k,€V/dm?® mol~' ™!
9,10-Diphenyl- Benzyl chloride 1 0.7-0.8 1.6x10* 1.0@ 15 350°
anthracene 2 0.9 8.1x10° -
5 1.0 1.8x10* -
10 1.0 1.3x10* -
Pyrene Ethyl bromide 2 0.0-0.2 1.3x10° 0.1°¢ Not measured
5 0.2 1.6x10° -
10 0.2 2.1x10° -
2 0.0-0.1 1.1x10° -
5 0.0-0.1 1.3x10° -
10 0.0-0.1 1.1x10° -
2 0.0-0.2 8.9x10? -
5 0.1 1.1x10° -
10 0.0~0.2 1.3x10° -
trans-Stilbene Ethyl bromide 2 0.2 1.9x10* 0.2¢ Not measured
5 0.2 1.8x10* -
2 0.2-0.3 5.4x10* -
5 0.2 5.2x10* -
10 0.2 2.6x10* -
Anthracene 1-Chioro- 1 0.6-0.7 7.1x10* 1.0¢ 90 500°
1-phenylethane 2 0.4 10.8x10* -
5 0.9 8.6x10* -
1 0.7-0.8 1.2x10° -
2 0.8 1.1x10° -

2In Ref. 12 the g-value for benzyl chloride was measured with anthracene and with tetracene, with g=1.0 and g=0.9, respectively. As
the standard potential of 9,10-diphenylanthracene is between the standard potentials of anthracene and tetracene, the g-value
measured here should be 1.0 ’Daasbjerg, K., unpublished resuit. °From Ref. 13. %In Ref. 12 the g-value for 1-chloro-1-phenylethane
and perylene is measured to be 0.9, and as the redox potentiai of anthracene is substantially more negative than that of perylene, the

g-value here should be 1.0. °From Ref. 14.

then directly shows the catalytic current increase. When
ix/ix is plotted against —log f the parameters g and k, can
be determined by fitting the experimental curves to the
simulated one.

Results and discussion

Simulation. In the simulations the parameter set m = 50, a
=2, Zyn = 3 and £ = 1073 (the convergence criterion) was
used. Some care must be excercised in the choice of the
first estimate of the steady-state concentration profiles for
species A, B and C. It was found that the fastest con-
vergence was attained by the following: C, was taken to
increase linearly from 0 to 1 in the first (m/2)+1 points (in
Y-space). For the remainder the concentration of A was
taken to be unity (bulk concentration). All Cy were taken
to be 1 — C,. C, was set at a constant value of y (bulk
concentration). These approximations were chosen as they
gave quite fast convergence for any values of A, y and g and
were easy to implement. Also they satisfy the boundary
conditions. Unlike the method used by Nolan and Plam-
beck’ no problems of instability were encountered here.
The solution of one set of 3m equations required about
10 s CPU time (with m = 50) and with the starting values
cited above 3 iterations were sufficient on average. So the

solution for one set of A, y and g-values takes about 30 s
CPU time. As most of this time is spent on solving the
equations, efforts to lower the CPU time should be concen-
trated on making this process faster. Some measures to-
wards this are as follows:

(1) The number m can be lowered. As the time spent on
solving a set of equations is proportional to m* a small
change of m could give considerable changes in the charged
CPU time. Some experiments show that even m = 40 is
satisfactory. (2) The Gauss—Jordan subroutine used for
solving the equations did not take into account the special
form of the matrix, which has many zeroes, always in the
same places, so a subroutine could be developed to make
use of this fact. The estimated lowering of CPU time would
be about a factor of 2, and does not appear worth the
effort. Using this method to simulate the steady-state cur-
rent for a rotating disk electrode, a large amount of time
was spent with pen and paper and on programming. How-
ever, this is an initial investment only, and there are some
decided advantages in this method: (1) once the program is
implemented the CPU use is lower than with other meth-
ods; (b) small errors in implementation cause unmistakable
instabilities, so one always knows if the program is faulty.
(3) The program is adaptable to other mechanisms without
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too much trouble (this has been done). (4) The method is
numerically stable.

Measurements

A number of experiments were carried out with different
mediators and different alkyl halides in order to compare
the results obtained by the RDE method described in this
paper and results obtained by other electrochemical tech-
niques. The results of these experiments are shown in Table
1, together with the corresponding results obtained by
other methods. Generally the fits were quite good, and the
g-value could usually be determined unambigously with an
uncertainty of + 0.1, which is also encountered with the
LSV method. Usually log k could be determined with an
uncertainty of 0.1 on a logarithmic scale, which corre-
sponds to an uncertainty of k, of about 25 %, which is
comparable to the uncertainty encountered with other elec-
trochemical methods when applied to systems with the
rather large rate constants discussed here. Some examples
of the fits are shown in Fig. 1. Generally the fits are better
for higher g-values, especially when y is 5 or 10, as the
change of ii/ix per unit change of k is then larger than with
lower g- or y-values. With most of the compounds studied
here, the g-value determined by the RDE method is in
good accord with the g-value measured by other meth-
ods.'* It is also seen that the determination of the g-value
is generally better when vy is 5 or 10 than when vy is 1 or 2.
The rate constants determined by the RDE method are in
good agreement with the rate constants measured by cyclic
voltammetry (CV). Both for 9,10-diphenylanthracene and
benzyl chioride and for anthracene and 1-chloro-1-phenyl-
ethane the rate constants obtained by this method are
within 10 % of those measured by CV,!* when the mean
value is used. This is as good as one might expect, when the
uncertainty in the determination of log k is considered.

Some experimental difficulties were encountered, and
these might limit the usefulness of this method. The quite
large rate constants of the homogenous electron transfer
that can be studied by this method are usually found in
systems where the redox potential of the mediator is quite
close to the potential of the direct reduction of the alkyl
halide, at least in the systems we have investigated. How-
ever, in order to use the RDE method described here, a
well defined plateau is needed, and the direct reduction of
the substrate often masks this plateau, especially with large
values of y (this was the problem with anthracene and
1-chloro-1-phenylethane, which is why we could not take
measurements with y = 10). LSV is not as sensitive to this
porblem, so whenever the plateau is ill defined owing to
this difficulty, one will often choose the LSV method.

We therefore conclude that the RDE method, with the
above limitations, is an alternative to the methods previ-
ously described, e.g. LSV and double potential step chro-
noamperometry,” when one wishes to determine the com-
petition parameter g and/or the rate constant for homoge-
neous electron transfer.
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Experimental

All the RDE measurements were carried out with a Met-
rohm 628-10 RDE with a gold electrode (¢ = 3.0 mm).
Currents were sampled and monitored using a Olivetti M24
personal computer, and attendant sampling hardware.

The mediators were used as received. Benzyl chloride
and ethyl bromide were distilled prior to the experiments.
1-Chloro-1-phenylethane was prepared from 1-phenyl-
ethanol and dry HCI and distilled at 10 mmHg, b.p. 64°C.

The experiments were carried out in an H-cell designed
for the RDE. The solvent was in all cases DMF containing
0.1 M tetrabutylammonium tetrafluoroborate (TBABF,)
as a supporting electrolyte. The solvent with the supporting
electrolyte was dried in an alumina column prior to use.
The cathode chamber of the cell contained 40 ml of so-
lution, so about 70 ml of solvent were used for each experi-
ment. This amount can, however, be lowered considerably
(to about 30 ml), if a one-chamber cell is used.

A typical experiment was carried out in the following
way: 38 ml of DMF with TBABF, were poured into the
cathode chamber, and the other two chambers of the cell
were filled with the appropriate amount of solvent. The
solvent was purged with nitrogen for 10-15 min, and the
baseline was checked by a slow potential scan at the RDE
in order to be sure that no electroactive impurities were
present. 2 ml of standard solution of the mediator were
then added to the solution, and a table was made of the
steady-state limiting current (iy), measured by a slow po-
tential scan, at six different frequencies of the RDE. Also
ix/f\? was tabulated to check that this quantity was con-
stant, which it usually was within 2 %. Now the alkyl halide
was added, the steady-state limiting current iy was mea-
sured by a potential scan, and the catalytic current effi-
ciency /iy was calculated for the different rotation rates of
the RDE. A plot of iy/ig vs. —log f was made and fitted to
the simulated working curves from which the competition
parameter g and the kinetic parameter k could be found.
The rate constant k, was computed using eqn. (36).
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