68

COMPETITIVE CHEMICAL REACTIONS IN DC POLAROGRAPHY:
INFLUENCE OF FAST PROTONATION EQUILIBRIA ON CE
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We carried out a DC polarographic study of the limiting current for CE and ECE processes with
chemical stages subject to potential catalytic effects and in direct competition with protonation
reactions in quasi-equilibrium. The aforesaid competition may result in the appearance of maxima
in the limiting current vs pH plots for CE mechanisms. We established the conditions required
for the rise of such maxima, and developed methods for the calculation of kinetic parameters.
The competition did not result in any maxima in the above-mentioned plots for ECE mechanisms;
however, we established criteria for their potential identification.

Dehydration and deamination reactions usually yield kinetic waves in DC polaro-
graphy. Such is the case with the reduction of carbonyl compounds and hydro-
xylamines. In both cases, like in other similar instances, the reduction mechanisms
involved are commonly affected by protonation equilibria, which are generally faster
than the aforesaid reactions.

Thus, a number of carbonyl compounds undergo processes of the CE type in
basic media according to Scheme 1.
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CE and ECE Mechanisms 69

The second equilibrium is often shifted to the hydrated form, i.e. K, > 1. This
reaction scheme can account for the occurrence of maxima in the plots of the
limiting current (iy) as a function of pH, as reported by a number of authors! =7,
Another typical example is the reduction of amides, which undergo ECE pro-
cesses® 10, The kinetic character of the waves they yield arises from the slow deami-

nation of the hydroxyamine intermediate. In acid media, the reduction of these com-

pounds takes places according to Scheme 2 (refs®~1°).
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SCHEME 2

Only a single wave is obtained by DC polarography; it results from the joint
reduction of species B and A;. Species A; is also electroactive, though its reduction
potential is much more negative than that of the previous species, so its reduction
at a very acid pH is masked by the discharge of the supporting electrolyte!®.

In Scheme 2, the deamination reaction is usually markedly shifted to the keto
form, i.e. K, < 1.

As stated above, and for the two schemes, the protonation equilibrium is rather
fast, i.e. (kg + k_y) > (ky + k_»).

The reduction of p-nitrophenol'! and o-nitrophenol'? also takes place through
a mechanism similar to that represented by Scheme 2. Thus, in the first step, these
compounds are reduced by exchanging 4 electrons per molecule, yielding the hydro-
xyphenylhydroxyamine derivative which, at a basic pH, undergoes competitive
dissociation of an H™ ion, which in turn gives rise to an electroinactive anion or
a slow dehydration process to the electroactive imine; this, finally, is reduced by
exchanging two electrons per molecule.

The equations representing Schemes 1 and 2 were derived by ourselves in their
general form earlier’"!!. Their complexity, however, hinders a simple study of the
properties of their solutions.
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Nevertheless, if the above-mentioned conditions (i.e., K, > 1 for CE and K, < 1
for ECE mechanisms) are taken into account, the solutions become much simpler
and straightforward expressions allowing the analytical determination of the cor-
responding kinetic parameters can be established. Obtaining such approximations
and developing appropriate methods of analysis are the chief aims of this work.

We should note that the two mechanisms studicd here (Schemes 1 and 2) are
kinetically indistinguishable  from those where the protonation equilibrium is estab-
lished directly between species A; and A, rather than between A, and A,. This
extends the applicability of the expressions below to a wider range of examples.

THEORETICAL

CE Mechanism

With slight modifications in the terminology, the equation for the limiting current
in Scheme 1 was’:

I _ F(2,) F(4,) {ra — ”11} (1)
L—1  F(h)r{l = ry) — F(4) ras{l = ry}

where

I =i (2)

Ay =3%k(1 +79), A, =131k(l -9y (3), ¥

k =kl + K;) + ky(1 + K3) (%)

1/2

y = (1 — i—i—) (6)

s = kik,K (7)

K =1+K, + KK, (8)

i =k1k—1/1i’ ri3=ﬁ, for i=1,2 9), (10

F(2%) = (1-349 /(12.)])"%°°" coth (1-349 /(14))])"+°%* (11)

where ¢ is the drop time and i is the diffusion current. Equation (/) can be modified
by substituting the r;; terms, which, after some further transformations, yields:

I F(A,) F(2,) ky(ky — k_5) (2 — 45)
1 =1 Kp{F(A) A(Ay — k_5) (A — k) = F(Ry) 2y(hy — kz) (By — Ky)}

(12)
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If. as stated in the introduction, we assume K, > 1 and k, — 0, then Eq.(6) can
be rewritten as:

_ k(L + Ky) — ko)

. (13)
{kl(l + K,) + k_2}
which. substituted into Eqgs (3) and (4), yields:
}.1 = kl(l + Kl) 5 112 = k_z . (14), (15)

Thus. Eq. (12) can be simplified to:

! F(42)

1-1 Ky(1+K,)

(16)

I (4,1) > 10, which seems quite logical for most of the examples considered, Eq.
(/1) can be approximated to:

F(A,) = 1-349 (At)'*. (17)
According to Scheme 1, and for buffered media, K, will be an apparent equilibrium

constant such that K, = k/[H*]. Likewise, the dehydration reaction is usually
subject to acid-base catalysis’*!3~3, If only base catalysis is considered, then:

k_,=kj + k§"[OH™]. (18)

Thus. Eq. (/6) can be rewritten as:

1+ lﬁ.gilﬁ‘! 10°PH
I kot\'/? k?
L 1349 (—2> 0

K, (1 + K9 10°H)

(19)

The analysis of this equation allows one to predict that the plot of I vs pH will
show a maximum provided

kUK w/kS > 2KS . (20

Accordingly, at pH < —log (k3"Kw/k3) (neutral and acid pH values in the
example illustrated in Fig. 1 in the following section), I will be constant as the pH-
dependent terms in Eq. (19) are much smaller than unity. This allows the k3K,
ratio to be readily calculated. Under this assumption, Eq. (19) coincides with that
of a simple kinetic CE process!®''”. The constant value 1-349 in this equation is not
the same as that ion the Koutecky equation'® as this author used mean currents.
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Our solution is closer to the approximations reported by other authors who, like us,
used maximal currents'”. I increases with the pH, provided the condition expressed
by Eq. (20) is met, and reaches a maximum at the pH value given by

(pH)y = pK, + log (1 -

0,0

kS Ky

The maximum current at the pH given in Eq. (21), Iy will be given by

(k(z)HKw >1/2

0,\1/2 0,0

%_ = 1-349 <k_2’) __KL___. (22)
—Inm

2(1 — Klkg.
k2 KW

Finally, I decreases with increasing pH above the value given by Eq. (21). This
behaviour is rather common in carbonyl compounds in basic media.

The non-fulfillment of Eq. (20) leads to an I-pH plot with no maxima, i.e. I
decreases monotonously with the pH.

K,

ECE Mechanism

According to the solution reported in the literature!®, the limiting current for Scheme
2 is given by:

joMmtme i (23)
ny + n, ilT,

0.25 T T T

Fic. 1

Plot of I= i /i, vs pH. The boxes cor-
respond to the experimental results for the
second reduction wave of glyoxal at neutral
and basic pH values, with C= 1:25.
.1072moldm™3 and ip= 100 pA. The
solid line corresponds to the application of
Eq. (19), where K9 = 1-78 . 10”11, k§/K, =
0 - = 8958.107%, kQHK\ [k = 7-7.1072 and
& pH 12 t=4s
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with

0 = F(Z3) (r20 — 1) (F(4y) = 1) = F(4,) (ris — 1) (F(42) — 1) , (24)
F(22) (F(24) = r13) (rar = 1) = F(A1) (F(42) = r23) (110 — 1)

where Egs (3)— (/1) are still valid and if, is the diffusion current corresponding to the
exchange of n, + n, electrons. For simplicity in the analysis, it is more convenient
to use the (1 — @)/ function. By removing the r;; terms from such a function, one
has:

K(kl(}‘l F(}'l) - ).2 F(lz)) -
— ky(F(4,) — F(lz)) (sz + k_,) + k_z(A2 F(A) — 4, F(Az)))
(ky — k_3) (F(4) F(,lz) (Al —A) + sz(F(A,) — F(lz)) - F(ll) + A, F(/lz))
(25)
Let us assume, as stated in the introduction, that K, > 1 and k_, — 0. Let us

also assume that the protonation equilibrium is very fast, i.e. k; and k_; > k,.
Under these conditions:

A o= k(1 + Ky, (26)
2= k(1 +K,). (27)

By substituting these into Eq. (25), one has:

1—0¢ 1
p = F() — R (28)

Provided A;t £ 0-15, and with an error less than 5%, we may write:
F(A,) = 1 + 0:91t4,. (29)

Because of the range of A;t values over which ECE mechanisms yield kinetic
waves in DC polarography, neither Eq. (17) nor Eq. (29) can be applied; however,
they can be used to analyse the behaviour trends at small and large values of the
kinetic parameters.

By denoting the diffusion corresponding to the exchange of n, electrons by ip,
one has:

ip—ip _1—¢
i—ip e )
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Likewisc, if, as above, the medium is assumed to be buffered, i.e. K, = K{[H"],
then A, will range between k,/K; at pH < pK, and k, at pH > pK;. In the latter
case, iy and ¢ will reach maximum values we shall denote by iy and ¢y, respectively
{see Fig. 2 in the following section); thus:

Ty _
B SO (3)
IM - lD (PM F(kz) - 1

ip and ¢ will decrease with decrcasing pH, so ¢ — 0 and iy — ip.
- Let us define

im— i, _om— ¢ _ F(k;)) — F(4;) .
L = ip ¢ F(ko) {F(42) — 1}

(32)

As long as k, is small enough, Eq. (29) will be applicable throughout the pH
range, in which case:
iv — i, _ Ki[H'] (33)
ip —ip 1 4+ 091k,t

which, in logarithmic form, reveals a linear pH-dependence of slope —1.
If k, is large enough for Eq. (17) to be accurate, then Eq. (33) will still be valid
if i, > ip. However, if i; — if. Eq. (17) can be applied to F(4,) in Eq. (32) in which
case:
iv — . K{[H*]
i, — b 2:698(kyt)l2 "

(34)

The logarithmic form of this equation shows the same pH-dependence as Eq. (33),
although the intercept is somewhat different.

FiG. 2

Plot of I vs pH. The I values were obtained

from Eq. (32) by assuming n; = n,, K =

, _ ‘ = 10* t=4s, and (curve a) k, = 05,
oH 5 (curve b) k; = 5s and (curve ¢) k, = 50s
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Note that the effect of acid catalysis on k, can never lead to the occurrence of
maxima in the i;—pH plots for this type of mechanism. The potential influence of
catalysis on k, will be discussed in the following section.

ANALYTICAL CRITERIA

CE Mechanism

The simplicity of Eqs (/9) and (32) allows the ready analysis of the experimental
results. Thus, for the CE mechanism, the plot of log [I/(1 — I)] vs pH should be
linear, with a slope of —0-5 at pH < (pH)y (see Eqs (/9) and (21)). At pH > (pH)y,
the aforesaid plot should again be linear, but with a slope of +0-5. A prior knowledge
of ip and K, should allow the problem to be fully solved.

A more accurate working procedure involves using Egs (2/) and (22). In fact, as
~ stated above, the kg/K , ratio can be calculated from the pH region where I is constant.
Once I is known, Eq. (22) allows the k9"Ky/k3K] ratio to be calculated, and once
(pH)y is known (Eq. (21)), we can evaluate K§ and k$"Ky/k$ individually. These
results can be used as the starting point for a more accurate numerical fitting of the
experimental results.

Figure 1 shows the plot of I vs pH obtained from Eq. (/9) by using the following
values: K = 178 . 10711, kI/K, = 8:958 . 107, k9"Ky/k9 = 7-7.10 % and t = 4s.

The figure also shows the experimental variation of I with the pH for the second
reduction wave of glyoxal at a basic pH (boxes). These experimental data were
reproduced from ref.*, where the glyoxal concentration uscd was 1-:25.10772
mol dm 3. Likewise, ip was estimated to be 100 pA — the value used in our calcula-
tions — at such a concentration.

ECE Mechanism

The most accurate criterion for the analysis of Scheme 2 involves the numerical
fitting of the experimental i —pH curves by using Eq. (32). However, in the absence
of catalysis, it is simpler to use a logarithmic plot as a function of the pH such as
that predicted by Egs (33) and (34).

Figure 2 shows the plot of I vs pH for three examples, with n, = n,, K =
= 1.10% t = 4s, and curve (a) k, = 0-5s, curve (b) k, = 5s and curve (c) k, =
50 s.

Figurc 3 shows the plot of log [(iy — iL)/(i. — ip)] vs pH for all three cases in the
previous figure. For cases (2) and (b), the plot is linear, with a slope of —1, consistent
with the prediction of Eq. (33).

In view of these results, the applicability range of Eq. (33) is much wider than that
resulting from the strict fulfillment of Eq. (28). In case (curve c) in Fig. 3, the aforesaid
plot is linear, with a slope of —1 for log [(iy — iL)/(iL — ip)] values between +2
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and —0-4, i.e. the range over which Eq. (33) is applicable. At values below —1,
the plot in Fig. 3 is again linear, with a slope of —1 according to Eq. (34). There
are deviations from linearity in the intermediate region. The application of Eq. (34)
to the example considered is experimentally unfeasible as it is only useful for i,
values differing by less than 109 from the iy value.

The influence of acid catalysis on k, is reflected in Fig. 4, where all parameters
have the same values as in the previous case, with the exception of K¢ = 10° and k,,
which was assumed to be k, = k3 + k5[H*], with k = 0-5 and kY = 0 (curve a),
10* (curve b) and 10° s™* (curve c).

As can be seen, the limiting current of the process is a function of the k5/K¢ ratio at
acid pHs. If such a ratio tends to zero, each molecule will only exchange n, electrons;
if it tends to infinity, each molecule will exchange (nl + n,) electrons. By no means
can the proposed mechanism lead to maxima in the plot of I vs pH, unlike in the
previous case.

The influence of catalysis on the mechanism in Scheme 2 is evident in the behaviour
of o- and p-nitrophenol derivatives'?'!?, The competitive reactions in the ECE
mechanism of these compounds arise from a dehydration reaction subject to basic
catalysis, in which case k, = k3 + k3"[OH"], and from the quasi-equilibrium
dissociation of an H* ion (K, = K{/[H"]). At a sufficiently high pH, the height

2
{ A ﬁl\"ﬁ T
log I* .
’ L b S~
1
3
-2 L . L ; 0 i L L
0 pH 5 1 pH 7
FiG. 3 FiG. 4
Plot of log [(iyy — ip)/(i, — ié)] = log [* vs Plot of I vs pH from Eq. (32). All parameters
pH for the example of Fig. 2 are the same as in Fig. 2, with the exception

of K = 10% and k,, which was assumed to
be k, = k3 + K§[H™], with k3 = 0-5 and
kY = 0 (curve a), 1.10% (curve b) and 1.
.105 s~ (curve c)
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of the wave is a function of the k‘z’"Kw/K? ratio, similarly to the previous case.
For p-nitrophenol, such a ratio tends to zero, so it yields a wave corresponding to
the exchange of n, electrons'?; for o-nitrophenol, the aforesaid ratio is rather large,
so it yields a wave corresponding to the exchange of (n, + n,) electrons'’
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