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The determination of rate constants for protonation of anion radicals in aprotic
solvents is complicated by contributions of unknown magnitude from at least two
parallel equilibria, (i) and (ii), in which the proton donor (HB) participates in the
formation of hydrogen-bonded complexes. The extent to which these equilibria

HB + B~ = HB/B" @)
2 HB = (HB), (ii)

affect the accuracy of the measured proton-transfer rate constants in the range
10°-10® M~'s™! has been evaluated by linear sweep voltammetry (LSV) for a
number of proton donors, including phenol, acetic acid and benzoic acid, in
N, N-dimethylformamide. The error including the contributions from (i) and (ii)
was typically 10-20 %.

The evaluation of protonation rate constants in the range given above by LSV
may be affected by interference from background current, probably due to the di-
rect discharge of protons, and/or the rate of the primary heterogeneous charge
transfer reaction. It was found that the effects of both were absent or strongly
diminished when the measurements were based on the determination of E,-E,
under second-order conditions, i.e. at low acid concentration, rather than on the
conventional determination of E,-E° under pseudo first-order conditions. The
theoretical data necessary for the evaluation of second-order rate constants from
measured values of E-E, are given for T = 298 K.

Electrochemical techniques are valuable tools for
the study of the kinetic and mechanistic aspects
of ion radical reactions,'™ one major advantage
being that the ion radicals are generated and the
kinetics of their follow-up reactions are moni-
tored during the same experiment. Especially
double potential step chronoamperometry
(DPSC)** and derivative cyclic voltammetry
(DCV)" have been developed to a high degree
of precision, and they are now among the most
valuable quantitative techniques, whereas con-
ventional cyclic voltammetry (CV)**!® and linear
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sweep voltammetry (LSV)>*'° in general are con-
sidered as being less suitable for quantitative
work.

The dynamic ranges of DPSC and DCV de-
pend to some extent on the degree of the material
conversion during the experiment. The approxi-
mate kinetic windows given by the expressions
(1) and (2) are for the most frequently used mode
in which the pulse width, t, (DPSC) or the poten-
tial sweep rate, v, (DCV) is adjusted so that the
response ratio, R, (DPSC) or R] (DCV), is equal
to 0.5. The rate constant, k, is that observed for



DPSC: 3 < ki/s™! < 300 1)
DCV: 0.3 < k/s™! < 3000 @)

the reaction of the ion radical under first-order or
pseudo first-order conditions. The lower limits,
corresponding to T = 100 ms and v = 0.1 Vs™!,
are imposed mainly by the requirement that mass
transport to and from the working electrode
should be restricted to linear diffusion. The up-
per limits, corresponding to T = 1 ms and v =
1000 V-s7!, depend on a number of factors,
among which are the time constant of the cell,
and the quality of the potentiostat and the data
sampling equipment. Although CV has been con-
ducted at microelectrodes at sweep rates much
higher than 1000 Vs™! in special cases''™", it is not
a routine procedure to determine rate constants
exceeding ~ 3000 s™! accurately by CV or DCV
at the present stage of development of these tech-
niques. However, first-order or pseudo first-or-
der rate constants larger than ~ 3000 s~ may be
determined by LSV.

When the heterogeneous charge transfer is fast
(nernstian) and the LSV experiment is carried
out under purely kinetic conditions, which means
that the rate of the follow-up reaction is fast com-
pared with the sweep rate as evaluated by the
magnitude of the parameter kRT/(vnF), k may
be determined from measured values of E-E°,
where E_ is the peak potential of the LSV
wave.'17 For example, the value of the pseudo
first-order rate constant, k; = k,Cy5, associated
with the protonation mechanism (3) - (6) and
rate law (7) may be estimated from eqn. (8).
Here, and in the following, the solution concen-
tration and the stoichiometric concentration of
the species X are given as [X] and Cy, respec-
tively. Relationships similar to eqn. (8) exist for

other simple rate laws.'>"

A+e =A 3)
A~ + HB —k—4->AH' + B~ 4)
AH + A~ U Ap- 4 A 5)
AH- + HB % Al + B- (6)
d[AJdr = —2k,Cop[A] = —2KJA7] (D)

RT K.RT
EqE° = - ﬁ<0.783 ~ 4in F) ®)
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Values of E-E° may be measured to a pre-
cision of + 1 mV or better by application of mod-
ern data sampling techniques,”*? and therefore
one might expect that kj values of high quality
can be obtained as just described. However, the
determination of accurate rate constants for rapid
proton transfer reactions in aprotic solvents by
LSV or any other electrochemical technique is
not as straightforward as it may seem from the
example given above.

In cases where the follow-up reaction is a sec-
ond-order process such as (4), it has been ob-
served? that concentration ratios, C3p/C3, in the
lower end of the range 5-100 are not sufficiently
large to secure the pseudo first-order conditions
normally aimed at during kinetic studies. For
proton transfer reactions in particular, the devia-
tions from pseudo first-order conditions are ac-
centuated in aprotic solvents by formation of hy-
drogen-bonded complexes between HB and the
corresponding base, B~ (eqn. 9).%% The values
of K, fall typically in the region 10-10° M~! 2%

ky
HB + B~ &, HB/B (K, = ky/k_;) )

In the limiting case in which k, and K, are suf-
ficiently large that reaction (9) may be considered
as a fast and irreversible process, the stoichio-
metry of the protonation scheme within the time
scale of the voltammetric experiment involves the
consumption of four molecules of HB (eqn. 10)
instead of two (eqn. 11) for each two molecules

2A~ +4HB— AH, + A + 2 HB/B"
2A- +2HB— AH, + A + 2B~

(10)
(11)

of A~ consumed, and, accordingly, the lower
limit of C}p/Cy at which the deviations from
pseudo first-order conditions will be detected is
twice that without this additional complication.
Such deviations from pseudo first-order condi-
tions may result in peak potential shifts of several
mV during LSV,? and may affect data obtained
by CV and DCV as well. %%

Another parallel reaction which may interfere
in the voltammetric determination of rate con-
stants for proton transfer reactions in aprotic sol-
vents is the equilibrium between HB and the cor-
responding dimer, (HB), (eqn. 12).%® The influ-
ence of this reaction is obviously most important
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ki
2HB = (HB)z (KIZ = klZ/k—12)
k_i

at the higher end of the concentration range
Cie/Ch = 5-100. Unfortunately, values of k,,
and K, have been reported for only a few acids in
the solvents most often used in electroanalytical
work.*® As an example, K, for benzoic acid in
N, N-dimethylformamide (DMF) has been esti-
mated®*? to be of the order of 0.15 M~!. This
means that the equilibrium concentration of
(PhCOOH), in a solution nominally 0.1 M in
PhCOOH will amount to approximately 1 mM,
or in other words, a concentration in the same
range as the substrate concentration in a typical
voltammetric experiment. The relationship be-
tween the acidity constants for HB (Kyg) and
(HB), (K,,) is given by eqn. (13), and since K,

(12)

K(HB): = KueKoK,, (13)

in general is several orders of magnitude larger
than K, it follows that Ky, > Ky; it is there-
fore clear that the rate constants measured at
high values of C};/C% may reflect kinetic contri-
butions not only from HB, but also from (HB),.

The influence of the two equilibria, (9) and
(12), can be only partially eliminated without the
introduction of other kinetic complications. For
example, it was observed? that the presence of
Li* ions in the voltammetric solution suppresses
effectively the formation of PhOH/PhO™ due to
complexation of PhO~ by Li*; however, at the
same time the proton transfer rate was observed
to increase, which was attributed to the participa-
tion of Li*/PhOH complexes in the proton trans-
fer step.

Clearly, the ideal situation would be to be able
to include all the proper rate and equilibrium
data in the theoretical treatment of the experi-
mental results in order to obtain accurate values
of k,. However, apart from being an enormous
enterprise in digital simulation, the necessary
data are normally not available for this approach
to be feasible. The question which we will at-
tempt to answer in this paper is then: how ac-
curately is it generally possible to determine rate
constants for protonation of anion radicals in ap-
rotic solvents such as DMF by LSV without hav-
ing access to these data?
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The expected effects of reactions (9) and (12) on
the observed values of the rate constant k,. The
kinetic contributions from reactions (9) and (12)
depend on the stoichiometric concentration of
HB, G, and the concentration ratio, Cpg/C4;
let us as a beginning analyze the expected effects
of the magnitudes of these two parameters on the
experimentally determined values of k, in more
detail.

The ideal experimental conditions would in-
clude (i) high values of C},z/C% in order that the
deviations from pseudo first-order conditions
should be small and independent of the magni-
tudes of k, and K, and (ii) low values of C}p in
order to minimize contributions from (HB), as
proton donor. However, in practical work it is
not possible to comply with these two require-
ments at the same time. The necessary conse-
quence of a high C}g/Cy, value and a low Cig
value is a low value of C3, but substrate concen-
trations much less than 1-2 mM will, in general,
cause detection problems due to low signal-to-
noise and signal-to-background ratios. With this
additional restriction in mind, a high C}/Cy
value will inevitably lead to a high C};z value also.
It has been shown? 2 that C}s should be at least
2040 mM at C3 = 1 mM if the deviations from
pseudo first-order conditions are to be negligible.
As an unwanted consequence of this we have to
accept the contributions, if any, from (HB), as
proton donor. Under these experimental condi-
tions, the application of eqn. (8) for the evalu-
ation of k; may lead to an overestimate of the rate
constant due to the enhanced acidity of (HB),
compared to HB. With the general lack of data
for ky,, K, and the relative kinetic acidities of
HB and (HB), in mind, it is impossible to predict
the magnitude of this overestimate.

On the other hand, in order to minimize the
kinetic contributions from (HB), we have to
operate at C}g values as small as possible, which
due to the restrictions imposed on Cj will cause
G/ CS to be small as well. In other words, to
avoid the complications arising from participa-
tion of (HB), we now have to accept the un-
wanted deviations from pseudo first-order condi-
tions accentuated by equilibrium (9). The result
is that the value of the solution concentration of
HB, [HB], will be significantly smaller than C}g,
and, accordingly, the application of eqn. (8) in
this concentration region will lead to an underes-
timate of k;, the extent of which depends on
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Fig. 1. The effect of deviations from pseudo first-order conditions on the peak potential (full lines) for (a)
mechanism (3) — (6) and (b) mechanism (3) — (6) plus fast and irreversible equilibrium (9), and the factor by
which rate constants obtained from eqn. (8), A&, should be corrected to compensate for the deviations (broken

lines).

Chp/C4 as well as the magnitudes of k,, k, and
K,. As an illustration of this effect we have calcu-
lated the error in E,-E° and in the resulting value
of k, for (a) mechanism (3) - (6) and (b) the same
mechanism including fast and irreversible (9) as a
function of k§CSRT/(unF) at C9p/C% = 5, where
k§ is the value of k, resulting from the application
of eqn. (8). The results are shown graphically in
Fig. 1, and it is seen that the error in k, may easily
amount to 25 % or more.

This latter situation can be improved by taking
into account in the theoretical treatment of the
experimental data that the reaction conditions at
low values of C}z/C% are, in fact, second-order
and not pseudo first-order. Doing this will allow
us to employ concentration ratios much smaller
than e.g. 5, and thus further minimize the effect
of (HB),. However, when C}y/C% becomes
smaller than approximately 1 for mechanism (3) -
(6), or 2 for the same mechanism including the
fast and irreversible formation of HB/B~, the
voltammograms no longer exhibit a single peak,
but split into two peaks, the first of which may
appear as a shoulder on the second. The first
peak reflects the formation of A~ followed by re-
action with HB, and the second peak is asso-
ciated with the formation A~ in a reaction layer
essentially depleted for HB. The effect, which is

similar to that observed in other second-order
cases,>* is illustrated in Fig. 2 by simulated volt-
ammograms for mechanism (3) - (6) at k,CoRT/
(vnF) = 200 and with two different values of
G/ Cs - Obviously, eqn. (8) is no longer valid for
the evaluation of k,, which instead may be ob-
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Fig. 2. Simulated voltammograms for mechanism (3)

- (6) at T = 298 K, k,CiRT/(vnF) = 200, and (a)

Cie/CR = 0.5 and (b) C}e/Ca = 5.
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tained from measurements of e.g. E-E,, where
E,, is the potential at which the current, i, is
equal to i /4. These measurements are discussed
in detail in a later section in which the interested
reader may also find the theoretical data neces-
sary for determination of k, in mechanism (3) -
(6) at Cyp/Ca = 0.5.

Having now taken the second-order nature of
the reaction into account, we need only be con-
cerned about the effect of equilibrium (9). If (9)
is not of importance under the reaction condi-
tions, and at the same time the theoretical analy-
sis of the experimental data is based on steps (3) —
(6) only, the measurements carried out at e.g.
Cyi/C = 0.5 will in principle give the correct an-
swer provided no other complications, chemical
or instrumental, are encountered. As the effect
of equilibrium (9) increases, the value of [HB]
will be reduced compared to that in the absence
of reaction (9) and, accordingly, protonation
takes place at a lower rate, with the result that
the observed rate constant will still be an underes-
timate of k.

Results and discussion

Comparison of the k, values obtained from two
series of measurements, one at e.g. Cj/Cy, = 50
[which may result in an overestimate of k, due to
reaction (12)] and another at e.g. Cp/Cy = 0.5
[which may result in an underestimate of k, due
to reaction (9)], will provide us with some insight
into the importance of these two parallel reac-
tions. We have therefore determined k, for the

protonation of a number of anion radicals de-
rived from aromatic hydrocarbons by a variety of
acids in DMF at C} = 2 mM and G35 = 1 and 100
mM, using eqn. (8) for the evaluation of k, at
CYp/C4 = 50 and the method based on measure-
ments of E-E, at Cpp/Cy = 0.5.

The resulting values of k,(0.5) and k,(50),
where the numbers in parentheses refer to the
concentration ratios, are summarized in Table 1.
However, before going into further discussion of
the effects of reactions (9) and (12) on the magni-
tude of the observed protonation rate constants,
we wish to point out a number of experimental
problems encountered during the measurements
at C/Ca = 50 and to describe the evaluation of
k, from measurements of E,-E,.

Experimental difficulties and trends in the data at

%/Ca = 50. When A was more difficult to
reduce than naphthalene (E, = —2.50 V vs.
SCE), or the acid was stronger than benzoic acid,
it was generally observed that the data at G}z =
100 mM were of poor quality, or in some cases
even impossible to obtain, due to interference of
the background current. We suspect the origin of
this problem to be discharge of protons, which in
the absence of other unwanted effects seems to
put a maximum value of 10°~10” M~'s™! on the
protonation rate constants that can be obtained
through measurements of E,-E° at the excess
concentration of HB necessary for the applica-
tion of eqn. (8) at comfortable values of C,. The
problem was never encountered during the
E,,-E, measurements in which (P was only

Table 1. Rate constants (k,) determined by LSV for protonation of anion radicals by various acids in DMF.
Supporting electrolyte was Bu,NBF, (0.1 M); C2 = 2mM and T = 298 K.

Substrate (A) Acid (HB) k4(0.5) k4(50) ki(average)
M's™! M s M's!

Anthracene p-Chiorophenol 4.4-10* 5.6-10* 5.0-10*
Anthracene Acetic acid 9.8-10° 9.5-10° 9.7-10°
Anthracene Benzoic acid 2.7-10° 3.2-10° 3.0-10°
Anthracene p-Chlorobenzoic acid 4.8-10° - (4.8-10°)
Anthracene Pentachlorophenol 6.2-107 -2 (6.2-10)
Naphthalene Phenol 2.8-10° 3.3-10° 3.1-10°
2-Methoxy- Phenol 9.1-10° 1.4-10° 1.2-108
naphthalene

2,3-Dimethoxy- Phenol 3.2-10° 35-108° 3.4-10°
naphthalene

“Not measurable due to background interference. *Minimum value due to heterogeneous charge transfer

interference.
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equal to 1 mM, and the resulting low value of
Chp/C4 , 0.5, caused the acid close to the working
electrode to be essentially consumed at the early
stages of the voltage sweep before the potential
was sufficiently negative for the reduction of pro-
tons to become an appreciable problem.

The application of eqn. (8) requires' (i) that
the voltammetric experiment is conducted under
purely kinetic conditions and (ii) that the hetero-
geneous charge transfer reaction [eqn. (3)] is re-
versible (nernstian). The first of these require-
ments translates into expression (14) at a

A > 0.83; A = k,RT/(vnF) (14)

measurement precision of + 2 mV'® (see Experi-
mental). The lowest value of A related to the
present measurements was approximately 14,
which refers to the protonation of anthracene
anion radical by p-chlorophenol at v = 10 Vs™',
and this value is almost 17 times that required by
expression (14). Thus, there seems no doubt that
all the reactions included in the study tdok place
under purely kinetic conditions as defimid above.

The second requirement, that the heterogene-
ous charge transfer may be considered as a re-
versible process, may be expressed as (15)' in
which k., is the electron transfer rate constant, D
is the diffusion coefficient, assumed to be identi-
cal for A and A", and ) has the same meaning as
in (14). If k., is not sufficiently large to satisfy
expression (15), i.e. the reaction is under mixed
kinetic and charge transfer control, the observed

PROTONATION OF ANION RADICALS
logA > Hogh + 1.24;
A = ky/[DvnF/(RT)]} (15)

values of k,(50) will increase with decreasing
sweep rate. This behavior was observed in some
cases, as illustrated by two of the three data sets
given in Table 2. In the first series, for the proto-
nation of anthracene anion radical by p-chloro-
phenol, the values of k,(50) are essentially inde-
pendent of the sweep rate. In the second, for the
protonation of anthracene anion radical by ben-
zoic acid, the value of k,(50) starts to decrease at
v =~ 2 Vs~!, and in the third series, for the proto-
nation of 2,3-dimethoxynaphthalene anion radi-
cal by phenol, the decreasing trend in k,(50) is
apparent in the entire sweep rate range. Atv = 2
Vs~!, where the trend starts to become apparent
in the second series, the observed value of k,(50)
is equal to 3.02-10° M~'s™!, and introduction of
this value in expression (15) results in a minimum
value of 3.9 cm s™! for k., (anthracene). This is
close to the value (4-5 cm s™!) determined experi-
mentally*’*® under conditions similar to those of
the present study, or in other words, the trend
starts to appear at approximately the expected
sweep rate. The same type of analysis carried out
for the third series results in a minimum value of
1.9 cm s7! for &y, (2,3-dimethoxynaphthalene) at
the lowest sweep rate, 0.1 Vs™', and this mini-
mum value is even higher than the experimental
value (~ 1 cm s7!) for unsubstituted naphtha-
lene.” Thus, in this case, expression (15) does
not appear to be fulfilled at any sweep rate. Al-
though measurements of k., in the range 1-10

Table 2. The influence of the heterogeneous charge transfer rate on the values of the protonation rate
constant, k,, calculated from eqn. (8). Supporting electrolyte was Bu,;NBF, (0.1 M); C} = 2 mM, C}s = 100

mM, T = 298 K.
Sweep rate ky(50)M's™"
N s
Anthracene Anthracene 2,3-Dimethoxy-
p-Chlorophenol Benzoic Acid naphthalene
Phenol
0.1 -2 -0 3.52-10°
0.2 -2 -° 2.99-10°
0.5 5.88-10* 3.11-10° 2.00-10°
1.0 5.61-10* 3.39-10° 1.78-10°
2.0 5.15-10° 3.02-10° 1.38-10°
5.0 5.82-10* 2.35-10° 0.88-10°
10.0 5.39-10* 1.95-10° 1.01-10°

2Excluded due to poor quality of the experimental data. Not measurable due to background interference.
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Table 3. Theoretical values of E,-E, for mechanism
(3) - (6) at C}e/CR = 0.6 and T = 298 K.

k,CopRT
log [ e ] (Epa-E,)imV

wnF
0 80.8
0.176 81.5
0.301 82.5
0.477 84.8
0.699 90.2
0.845 96.0
1.000 103.2
1.176 1111
1.301 116.3
1.477 123.2
1.699 131.1
1.845 136.1
2.000 141.3
2.176 1471
2.301 161.2
2.477 156.8
2.699 163.8
cm s™! are encumbered with large uncertain-

ties’, all in all the analysis does support the

view that the trends in the data are due to kinetic
contributions from the heterogeneous charge
transfer reaction. To eliminate, or minimize, this
effect on the data, the values given in Table 1
were taken as averages of the results obtained in
the sweep rate ranges where no trends could be
detected, or (as for protonation of 2,3-dimeth-
oxynaphthalene anion radical by phenol) as the
value obtained at the lowest sweep rate in the
measurement series.

Evaluation of k,0.5) by measurements of
E,E,. The shape of the LSV wave is strongly
dependent on the magnitude of both the concen-
tration ratio Cy/C% and the kinetic parameter
k,CoRT/(unF) at low values of Cs/C%. An ex-
ample of the dependence on these two para-
meters has already been given in Fig. 2. In cases
where the voltammogram exhibits two well-de-
fined peaks as in Fig. 2a, which for mechanism
(3) - (6) at Cyp/Cy, = 0.5 requires that the value
of k,CaRT/(vnF) is larger than ~ 150, the peak
potential difference may be used for the eval-
uation of k,.*3 However, when k,C3RT/(vnF) is
less than ~ 150, the pre-peak is reduced to a
shoulder on the main peak and another measure
of the kinetic shift has to be used to evaluate k,.
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We have chosen to record the breadth of the LSV
wave as reflected by the value of E,-E, for this
purpose. This potential difference was found to
be more suitable than the analogous difference,
E,-E,, where E, is the potential at which i =
i,/2, since the height of the pre-peak or the shoul-
der is often close to i/2, and consequently the
potential, E,, will be extremely sensitive to pre-
cision in the concentration measurements and the
effective stoichiometry of the over-all reaction;
for this reason E,, is not suitable for purely ki-
netic purposes. Since the basic philosophy behind
the measurements presented in this paper was to
compare observed values of k, under conditions
which were predicted to result in either an over-
estimate or an underestimate of the rate constant
arising from the kinetic or stoichiometric contri-
butions of reactions (9) and (12), we have simu-
lated theoretical data for E ,-E, at 298 K for
mechanism (3) — (6), excluding the possible con-
tributions from the formation of HB/B~ com-
plexes [eqn. (9)]. The data are summarized in
Table 3, and include potential differences even in
the region where the magnitude of k,CART/(vnF)
causes the shoulder to separate from the main
peak. This allowed us to use the same data acqui-
sition technique in the entire kinetic region of
interest.

In a practical experiment, the value of E,,-E,
was measured at several sweep rates, and &,(0.5)
was obtained by fitting these experimental data
to the working curve based on the theoretical
data given in Table 3. The fit to the working curve
was generally excellent, as demonstrated in Fig. 3
by a data set for the protonation of anthracene
anion radical by benzoic acid.

Measurements of E-E, at Cy;g/C,, = 0.5 offer
a number of experimental advantages compared
to measurements of E,-E° under attempted
pseudo first-order conditions. First, the theoreti-
cal treatment incorporates the second-order na-
ture of the reaction as well as the magnitude of
the parameter k,CSRT/(vnF); accordingly, con-
siderations as to whether the reaction takes place
under true pseudo first-order conditions and
purely kinetic conditions are irrelevant. Second,
as already mentioned, the background problem is
effectively diminished due to the low values of
CYis » and third, the correspondingly low effective
rate of protonation increases the limit of k, at
which the rate of the heterogeneous charge trans-
fer process will start to interfere with the determi-
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log(V-sv)
-20 -1.0 0.0 1.0 2.0 3.0
T T T T T
150 -
E
= 125 Fig. 3. Theoretical data (full line) for
lﬂ Ey-E, at T = 298 K for mechanism (3) —
h} (6) at CRp/C = 0.5. The experimental
= points (@) are for A = anthracene (C} =
100 2 mM) and HB = PhCOOH (Cfjg = 1 mM),
obtained at the sweep rates indicated by
the scale at the top of the figure.
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nation of k,. The latter point is illustrated by the
theoretical data given in Table 4, which summar-
izes values of E-E,, at 298 K and C3p/C} = 0.5
as a function of k, and k, . The data in Table 4
show that E-E, is virtually independent of the
rate of heterogeneous charge transfer as long as
kye, is larger than 1 cm s™'. In the range 0.1 <
kye/(cm s7') < 1, the values of E,,-E, are only
significantly affected at the highest sweep rates,
which for that reason should not be included in
the determination of k,.

The effect of equilibria (9) and (12) on the ob-
served k, values. A detailed comparison of the

observed k,(0.5) and k,(50) values demonstrates
that k,(50) on average is 20% higher than k,(0.5).
This is in keeping with the initial expectations
that k,(0.5) may be underestimated due to the
decrease in [HB] caused by the formation of
HB/B~, and that k,(50) may be overestimated
due to the kinetic contributions from (HB),.
However, since the available kinetic data for
equilibria (9) and (12) are too scarce to allow the
quantitative evaluation of the relative importance
of the two processes, we have taken the un-
weighted average of k,(0.5) and k,(50) in Table 1
as the “best” value of k,. The deviation from this
average amounts in no case to more than + 20 %,

Table 4. The effect of the rate of the heterogeneous charge transfer process on E,-E; at different values of
the proton transfer rate constant, k,, at different voltage sweep rates.?

Kol k(M 's™")
cms™’
- 10° 108 107 108
vV s wVs™' vV s wV s’
0.1 1 0.1 1 10 1 10 100 10 100
o? 131.5 90.6 164.1 131.5 90.6 164.1 131.5 90.6 164.1 1315
10 1315 90.6 164.1 1315 90.7 164.1 131.5 90.9 1640 131.6
1 1315 90.9 164.0 1316 91.6 163.7 1316 94.0 1629 131.5
0.3 1316 91.7 163.7 1316 94.2 162.8 1315 1015 160.0 130.9
0.1 1316 940 1629 1315 101.0 160.2 131.0 1155 1521 129.3

Values of E,-E, in mV at 298 K. "Reversible (nernstian) electron transfer.
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and in general the deviation is considerably
smaller than that. Thus, our answer to the ques-
tion raised in the introduction, as to how ac-
curately rate constants for protonation of anion
radicals in aprotic solvents like DMF may be de-
termined by LSV, is that the uncertainty, includ-
ing the unknown contributions from equilibria
(9) and (12), typically amounts to 10-20 % for k,
values in the range 10°-10® M~'s™!, provided in-
terference from the heterogeneous charge trans-
fer process can be avoided experimentally.

The conclusion that the equilibrium between
HB, B~ and HB/B~ is only of minor importance
for the evaluation of k, from E,,-E, measure-
ments at C}p/C, = 0.5 and C3 = 2 mM may at
first glance seem incompatible with an earlier
conclusion %% that DCV data for the protonation
of anthracene anion radical by phenol, obtained
under similar conditions (C}g/C% = 1 and C} =2
mM), could be successfully analyzed when equi-
librium (9) was incorporated as a fast and irrever-
sible process in the theoretical treatment. The or-
igin of this difference is primarily related to the
magnitudes of the k, values in the present and the
previous study relative to the values of k,. In or-
der that equilibrium (9) should behave like a fast
and irreversible process, it is required not only
that Ky > 1, but also that ky > k,. Considering
that k, for the reaction between anthracene anion
radical and phenol is only 5-10° M~!s™! and that
k,y reflects the formation of a hydrogen-bonded
complex, which in general is assumed to be a fast
reaction, these conditions were without doubt
fulfiled during the DCV studies referred to
above. However, as the value of &, increases, the
reactions will inevitably pass into a region in
which k, and k, are of comparable magnitude,
and the stoichiometric consequences of equilib-
rium (9) will gradually lose importance. In the
limit, at k, > kg, the contributions from (9) van-
ish within the time scale of the experiment, and
the reactions will appear to follow mechanism (3)
— (6) without interference from (9). In the pres-
ent study, k, is in the range 5-10° — 5-107
M~ !s7!, which is between two and four orders of
magnitude higher than k, for protonation of an-
thracene anion radical by phenol, and the fact
that the analysis of the experimental data shows
that equilibrium (9) is only of minor importance
in this range of k, values indicates that k, is in the
same region. Values for k, in this region may
seem small for formation of hydrogen-bonded
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complexes, but it should be recalled that HB does
not exist as the free acid in aprotic solvents like
DMF, but rather as the hydrogen-bonded HB/
solvent complex from which HB should be liber-
ated during the formation of HB/B~

The data recorded in Table 1 are in fair agree-
ment with the values of k, obtained by other tech-
niques in the few cases in which they have been
measured. Thus, k, for protonation of naphtha-
lene anion radical by phenol has been determined
by DPSC at the absolute limit of the capabilities
of this technique® to be 1.4-10° M~'s™!, which
should be compared to our average value of
3.1-10° M~!s™!, The protonation of anthracene
anion radical by p-chlorophenol has been studied
by DCV,* resulting in a v, value of 156 V s™' at
Chip/Ca = 10 and C, = 1 mM corresponding to &,
equal to 7.8- 10* M~'s™!, as compared to 5.0 - 10*
M~!s~! obtained by LSV.

Experimental

The substrates, A, used in this study were an-
thracene (Prolabo, pur), naphthalene (Fluka,
purum), 2-methoxynaphthalene (Fluka, purum)
and 2,3-dimethoxynaphthalene (kindly donated
by Prof. K. Bechgaard), and the proton donors,
HB, were phenol (Ferak), p-chlorophenol
(Fluka, purum; distilled at reduced pressure prior
to use), pentachlorophenol (Fluka, puriss.), gla-
cial acetic acid (Bie and Berntsen), benzoic acid
(Fluka, purum; sublimed prior to use) and p-
chlorobenzoic acid (Fluka, puriss.). All com-
pounds were used as received unless otherwise
stated.

Solutions of 0.1 M Bu,NBF,” in DMF (Ferak;
distilled under reduced pressure prior to use)
were passed through a column filled with neutral
alumina (Woelm, W200) immediately before the
substrate and the proton donor were added and
the voltammetric measurements were taken.

The electrochemical instrumentation, elec-
trodes, cells and data handling procedures were
the same as previously described.”

Measurements of E-E° at C;/C = 50 and C, =
2 mM. Theory predicts that the value of EF for
the reversible reduction of a substrate to the
anion radical is independent of the voltage sweep
rate. However, deviation from this ideal behavior
is generally detected when high precision data ac-
quisition instrumentation is used in the experi-



mental determination of E7*. The variations in
the observed value of EJ" may amount to £ 1
mV, and it has been proposed” that they orig-
inate from non-linearity in the amplifiers, which
suggested to us that the associated error in the
difference, E,-E°, would be minimized if E, and
E° (calculated from ET") were both measured at
the same sweep rates. The measurements were
carried out as follows: Voltammograms were re-
corded for each substrate (C} = 2 mM) before
addition of the proton donor at 7 different sweep
rates in the interval 0.1-10 V s™!, and values of
ETY and EY-EYY were determined at each sweep
rate as described earlier.”? The value of E° was
then estimated from eqn. (16), in which the final

E°= E®* +0.0285 + (ES-E —0.0565)2  (16)

term is a correction for non-ideal behavior. After
addition of the proton donor (G} = 100 mM),
the value of E, was measured at the same 7 sweep
rates and values of the difference, E,-E°, to be
used as input for eqn. (8) were calculated. The
over all precision of E,-E° was estimated to be £
2 mV or better.

Measurements of E,-E, at C5p/C; = 0.5. The
measurements were carried out essentially as de-
scribed earlier.? The resulting E -E, values
were plotted versus log(V s™'/v), and k, was ob-
tained by fitting this plot to the working curve as
illustrated in Fig. 3. The determination of k, in
this way included typically E,-E, values ob-
tained at 5-10 different sweep rates.

The experimental values of E,,-E, appeared to
be only little affected by deviations from the cor-
rect amount of positive feedback in the iR-com-
pensation circuit. Typically it was found that a *
10% variation in the iR-setting affected the
E,-E, value by 1-3 mV in the sweep rate range
0.1-10 V s7!, and the resulting rate constant by
less than 10 %.

Theoretical data. Digital simulations were carried
out using an explicit formulation of the diffusion
problem combined with the integrated rate-law
for the chemical reaction, as previously de-
scribed.? Calculations were performed on an HP
9826A desk computer.

PROTONATION OF ANION RADICALS
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