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Experimental data obtained by derivative cyclic voltammetry (DCV) and double
potential step chronoamperometry (DPSC) for the protonation of anthracene
anion radical (A~) by phenol (PhOH) in N, N-dimethylformamide have resulted
in apparently contradictory reaction orders with respect to PhOH, ~1.2 by DCV
and ~1.0 by DPSC, at values of C3,,u/C, Which were believed to be under pseudo
first-order conditions. However, theoretical data for the reaction scheme (1)-(5),
the rate law for which is strictly first-order in PhOH [eqn. (6)], have demon-
strated that the assumption of pseudo first-order conditions breaks down when
Coron/Cy is smaller than approximately ~25 (DCV) and ~5 (DPSC).

A+e = A 1)
A~ + PhOH K2, AH' + PhO- @)
AH + A-—> AH + A 3)
AH- + PhOH — AH, + PhO- @)
PhOH + PhO~ —> PhOH/PhO- ©)
—d[A"}Jdr = 2k [A-][PhOH] ©)

Above these values, the error in k., is less than 5 %. The difference in the sensitiv-
ity of the two techniques to the magnitude of C3,0,/C is related to the fact that
the material conversion during DCV is higher than during DPSC. Reaction order
analysis of the theoretical data in the region Cp,,//Ca = 6-100 resulted in the val-
ues 1.07 (DCV) and 1.01 (DPSC). The deviation of the DCV value from unity is
further accentuated when the diffusion coefficient ratio, D /Dy, is allowed to
increase, whereas the DPSC value was essentially insensitive to the magnitude of
this parameter. The difference between the experimental reaction order, ~1.2,
and the theoretical, 1.07, is suggested to reflect contributions from the dimer
(PhOH), as proton donor at high values of C},.y. Experimental DCV data ob-
tained at Cy,,,/Ci = 1 and 2 provided support for the view that formation of the
PhOH/PhO"~ complex [reaction (5)] may be regarded as an irreversible process
under the experimental conditions.
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The study of the formation and chemical reac-
tions of anion radicals derived from organic com-
pounds has developed into a major research area
in mechanistic organic chemistry. This is re-
flected by the steadily increasing number of or-
ganic reactions for which new experimental data
have forced the discussions of mechanisms to in-
clude anion radicals as key intermediates.'” Due
to the strongly basic properties of most anion
radicals, studies of their formation and reactions,
including kinetic and synthetic aspects, have
most frequently been carried out in aprotic sol-
vents like acetonitrile (MeCN), N,N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO)
and hexamethylphosphoric triamide (HMPT), as
well as tetrahydrofuran (THF) and related al-
iphatic ethers."* Common to all these solvents is
a poor ability to solvate anions.’ As a well-known
consequence of this, anion radicals form ion pairs
with cations and this complicates the interpreta-
tion of kinetic data, as demonstrated by a series
of studies of the protonation of anthracene anion
radical in ethers."™' A problem related to the
formation of ion pairs is whether the conjugate
bases of the proton donors formed during the
protonation of anion radicals exist as free anions
or are specifically associated with other solution
components. The importance of this aspect of
mechanistic studies of anion radical reactions
may be illustrated by the protonation of anthra-
cene anion radical (A7) by phenol (PhOH) in
DMF. The study of this reaction by electroanalyt-
ical techniques has been hampered by a number
of apparent inconsistencies which have resulted
in controversy, both regarding the experimental
results and their mechanistic interpretation.'*?
With respect to the application of linear sweep
voltammetry (LSV), we have recently demon-
strated” that a major cause of the discrepancies
has been the assumption of an incorrect stoi-
chiometry in the theoretical treatment of the re-
action pathway, which, in addition to the steps
discussed in the earlier work (eqns. 1-4),*? fea-
tures the essentially irreversible formation of a
complex between PhO~ and PhOH (eqn. 5). The
fact that PhO~ ions in aprotic solvents containing
an excess of PhOH do not exist as the free
anions, but almost exclusively as the PhOH/
PhO~ complex,** has the consequence that four
molecules of PhOH instead of two are consumed
for each two molecules of A" reacting, as shown
by the stoichiometric eqn. (6). The importance of
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this point for the analysis of the experimental
LSV data has already been discussed in detail in
our previous paper®, in which the interested
reader may also find a full account of the previ-
ous work based on the LSV technique.

A+e = A (1)
. k,

A’ + PhOH — AH' + PhO~ 2)
L ks

AH + A"——>AH + A 3)
fast

k,
AH™ + PhOH W AH, + PhO~ 4)

K;
PhOH + PhO- = PhOH/PhO~ (K, > 1)  (5)

2 A” + 4 PhOH — AH, + A + 2 PhOH/PhO"
(6)

Here we give only a brief summary together with
a review of the earlier results obtained by double
potential step chronoamperometry (DPSC) and
derivative cyclic voltammetry (DCV) which are
relevant to our new data and the discussion to
follow. Throughout the paper, the symbol C is
used for the stoichiometric concentration and [X]
for the actual concentration of species X in solu-
tion.

The aim of the first DPSC study of the re-
action"” was to determine whether the second
electron transfer following the protonation of A”
occurred predominantly at the electrode or took
place in solution® via A" (eqn.3). The experi-
mental data from measurements on a solution
with C; = 1 mM and C},;,; = 10 mM gave a good
fit to the working curve calculated for mechanism
(1)-(4) assuming pseudo first-order conditions
and rate-determining proton transfer (eqn.2).
The corresponding pseudo first-order rate con-
stant was observed to be 45 s7', resulting in a
value of k, of 4500 M~'s™". It was pointed out that
this value may seem surprisingly low for an ex-
ergonic proton-transfer reaction, but not if it is
considered that protonation takes place at a car-
bon site. A value close to this, 4000 M~'s™!, was
determined later by the same technique."”

Since the mechanism appeared to be well es-
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tablished, the protonation of A” by PhOH in
DMF was chosen as a reference system against
which the newly developed DCV technique could
be tested.'”'® The mechanism assignment appea-
red to be supported by the data obtained by
DCV, but a slight increase in the resulting rate
constant with increasing Cp, o, Was observed."” At
the time of publication, this observation was
thought to reflect contributions from discharge of
protons at the highest PhOH concentrations. The
average value of k, resulting from the DCV
measurements was found to be 5300 M~ s7!, in
fair agreement with the values determined by
DPSC. However, more detailed work on the
mechanism"? provided experimental LSV and
DCYV data incompatible with a scheme including
only (1) and the irreversible steps (2)-(4) with (2)
being rate-determining. Although the reaction
appeared to be of first-order both in A™ and
PhOH at high PhOH concentrations (Cpqy = 40—
100 mM; C;, = 1 mM), the experimental data in-
dicated reaction orders significantly higher than
unity at low PhOH concentrations (Cpoy =
10-20 mM; C; = 1 mM). This, together with the
observation that the reaction was inhibited by ad-
dition of PhO~ ion, led to the proposal of a tran-
sition from the simple mechanism with rate de-
termining protonation of A’ (eqn.2) at high
PhOH concentrations to a more complex scheme
incorporating back reactions (2) and (3) at low
PhOH concentrations.

This mechanism transition was sharply crit-
icized on the basis of a kinetic zone diagram
analysis* and it was emphasized that the limiting
case including the reversible steps (2) and (3) fol-
lowed by rate-determining protonation of AH~
(eqn. 4) requires an unacceptably low value of k,
for the homogeneous electron-transfer reaction
(3) to remain at equilibrium. With an estimated
difference between Ej,,. and Ej,;, ., Of at least
600 mV, the value of the equilibrium constant K
was suggested to be larger than 10" which, to-
gether with the assumption that forward step (3)
proceeds at the diffusion controlled rate, led to a
maximum value of 2 M™' s™! for k,. On the other
hand, AH™ is expected to be a much stronger
base than A and k, would for this reason be ex-
pected to be considerably larger than k,, i.e. than
~4500 M~ s'. This estimate of k, based on
chemical reasoning is approximately three orders
of magnitude higher than the maximum value re-
quired by the mechanism including the reversible
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steps (2) and (3) and rate-determining step (4),
and for this reason this mechanism was deemed
improbable. Comparison of DPSC data with
working curves for two other limiting mecha-
nisms, one with the electrode reaction AH" + e~
— AH" replacing (3) and another including the
reversible reaction (2) followed by rate-deter-
mining (3), demonstrated that neither of these
could account satisfactorily for the experimental
results. The data appeared to give a good fit only
to the working curve for mechanism (1)-(4) with
rate-determining (2) and it was concluded that
protonation of A® by PhOH in the concentration
ranges C; = 0.5-2 mM and G}y, = 10-100 mM is
consistent with that mechanism, with no appre-
ciable contribution of the other possible limiting
mechanisms.

However, new LSV results and re-analysis of
old data reopened the discussion.” Values of dE,/
dlogCpiou Were demonstrated in general to be
larger than the 29.1 mV required by a simple re-
action first-order in PhOH and, as a consequence
of this, a new and more complicated mechanism
including the steps (1), (7)—(10) and rate law (11)
was suggested.”? The essential feature of this
mechanism was the formation of 1:1 and 1:2 com-
plexes between A* and PhOH. Depending on the
competition between steps (8) and (9,10), this
mechanism will give reaction orders with respect
to PhOH of between one and two and, accord-
ingly, dE,/dlogCy,0 values between 29.1 mV and
58.2mV. Incorporation of these complexes in the
theoretical DPSC treatment resulted in a work-
ing curve which seemed to fit the experimental
data even better than that for the simple mecha-
nism, and this was taken as supporting evidence
for the new mechanism proposal.

A+te =A 6]
. K .

A’ + PhOH = A*/PhOH )
. ky

A’/PhOH = AH' + PhO" (8)
. L

A*/PhOH + PhOH = A*2PhOH 9)
. Ky ,

A*2PhOH == AH' + PhOH + PhO-  (10)

—d[AT)dr = kK,[AT][PhOH] -

(1 + (k/ky)K, [PhOH]) 1n)



During the earlier work, the experimental con-
ditions typically included stoichiometric concen-
trations of anthracene and phenol, C, and G}y,
equal to 1 mM and 10-100 mM, respectively. The
data treatment was carried out under two basic
assumptions: (i) that this excess of PhOH is suf-
ficiently large to allow the reaction to be treated
kinetically as a pseudo first-order process and (ii)
that the reaction is fast enough compared to the
LSV sweep rate, v, to be under purely kinetic
control. With regard to LSV we have demon-
strated® that neither of the two assumptions are
valid in the entire concentration and sweep rate
ranges of the earlier studies. Furthermore, the
theoretical analysis showed that the observed val-
ues of dE /dlogv and dE /dlogCy, oy are in good
agreement with the simple sequence (1)—(4)
when the reaction rate and the stoichiometric
consequences of the formation of the PhOH/
PhO~ complex (5) are taken into account. The
addition of step (5) to the original scheme,
(1)-(4), also accounts for the inhibition of PhO~
ion. Due to the essentially irreversible formation
of the PhOH/PhO~ complex, a given amount of
PhO~ added to the voltammetric solution will
consume an equivalent amount of PhOH, result-
ing in a reduction in the concentration of free
PhOH and accordingly in the rate of step (2).

Focusing now only on the application of the
transient electrochemical techniques, DPSC and
DCYV, the question of whether the reaction is un-
der purely kinetic control is obviously no longer
relevant, since we are dealing with techniques
which operate on a time scale comparable with
that of the A® half-life. However, the con-
sequences of deviations from pseudo first-order
conditions at low values of C},.,,/Cy, enhanced
by the formation of PhOH/PhO~, remain to be
clarified. That is the subject of this paper.

Results and discussion

Before going into the presentation and discussion
of the new DPSC and DCV data, it is pertinent to
comment on how reaction orders are related to
experimental results. The straightforward trans-
lation of electroanalytical data to reaction orders
rests on the validity of several assumptions. Most
important in the present context are (i) that the
reaction mechanism does not depend on vari-
ations in the potential sweep rate or the concen-
tration ratio, Cp,0,/Ca, (ii) that the reaction takes
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place under pseudo first-order conditions in the
entire range of Cp,,/Cx values and (iii), for LSV
only, that the reaction is under purely kinetic
control. What is meant by the latter term is that
the rate of the chemical process following the
heterogeneous electron transfer step is fast com-
pared to the potential sweep rate.”* This is gen-
erally expressed through the value of a dimen-
sionless parameter, k,Cp,o,RT/(vnF) for the pres-
ent reaction under pseudo first-order conditions,
which should be a large number. Under these
conditions, the reaction orders referring to rate
law (12) are related to the measurable electroa-
nalytical parameters through the set of simple
eqns. (13)~(19),>7 in which E, is the peak poten-
tial of the LSV wave, v is the potential sweep rate
and t,, and v,, are the DPSC pulse width and the
DCYV potential sweep rate necessary to keep the
response ratios, R, and R], equal to 0.5.

—d[A7)dt = k, [A][AT]P[PhOH} (12)
1 RTInl0 "

dE/dlogv = — 7—— —— (13)
a+ b —1 RTIn10 Y

dE /diogC; = ———— — ¢ (14)

x RTinl0

dE dlogChon = T o7 (15)
dlog(1/x,,)/dlogCS, = a + b — 1 (16)
dlog(1/7,,)/dlogClyon = * (17)
dlogv,,/dlogC, = a + b — 1 (18)
dlogv,,/dlogClon = X (19)

For simple reaction mechanisms, the applica-
tion of these reaction order equations involves
the evaluation of slopes of linear regression lines.
More complex mechanisms may give rise to
curved plots and this curvature can be used to de-
termine the nature of the complex mecha-
nism.”* Similarly, in cases where the ratio
Coron/ Ci is not sufficiently large to ensure pseudo
first-order conditions or when the value of
k,CoouRTI(vnF) is not sufficiently large to gov-
ern purely kinetic conditions during LSV, the re-
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Table 1. The effect of the experimental conditions on the apparent reaction order with respect to PhOH

determined by DPSC and DCV.*

Solvent Electrolyte Additional treatment Temp./°C dlog(1/x,,) dlogv,,

quality of the solvent/ dlogCpion dlogChron
electrolyte system

Distd. Bu,NBF,* None 24 0.98 1.30

Not distd. Bu,NBF,° Passed through Al,O,? 0 0.97 1.21

Distd. Bu,NBF,® None 0 0.98 -

Distd. Bu,NI® None 21 - 1.22

=The solvent was DMF (Ferak) in all cases. C3 = 1 mM, Cp,oq = 10-100 mM and Cj e = 0.1 M. °Fluka,
purum. °Prepared from Bu,NHSO, and HBF, as described in Ref. 23. “Neutral (Woelm, W200). °“Not measured.

action order plots will reflect this. Under such
conditions, the slopes of linear regression lines
through the experimental points are not directly
related to reaction orders through eqns. (13)
—(15). as previously discussed,” or (16)—(19), as
will become evident in what follows. For this rea-
son, we will from now on refer to slopes of this
kind as apparent reaction orders.

A major concern at the outset of the present
investigation was the observation that DPSC data
for the protonation of A" by PhOH apparently
were in good agreement with a simple rate law
first-order in PhOH, whereas DCV data seemed
to indicate a more complex rate law including a
reaction order in PhOH higher than one; the
question was raised whether this difference was
real or an experimental artifact. To attempt to
find the reason for this anomaly, a series of meas-
urements using both techniques on the same so-
lution were carried out in which the origin and
the method of purification of the chemicals as
well as the temperature were varied. The results
are summarized in Table 1 and Fig. 1, and clearly
show that the two techniques give a different
message independent of the experimental condi-
tions. The apparent reaction orders determined
by DPSC were, without exception, unity within
experimental error, whereas those determined by
DCV were somewhat larger, the average of the
data in Table 1 being 1.24. This value is in fair
agreement with those resulting from the earlier
studies,'”" which amount to 1.10 and 1.33 when
the experimental data are treated analogously.

In the report of one of these earlier DCV stud-
ies," it was suggested that the reason for the ob-
servation of a slightly increasing value of the ap-
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parent rate constant with increasing PhOH con-
centrations, i.e. of an apparent reaction order in
PhOH higher than one, might be associated with
contributions from discharge of protons, a paral-
lel reaction which is expected to be of increasing
importance with increasing PhOH concentration.
If this is so, one would expect this to be a serious
problem also in DPSC.

During DPSC measurements, the potential is
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Fig. 1. Reaction order analysis by (a) DPSC and (b)
DCV of the protonation of A" by PhOH in DMF.
C=1mM, T=297K.



Table 2. The effect of the switch potential, E,,, on
DPSC reaction order analysis for the protonation of
anthracene anion radical by phenol.

E,, — EImV -200 —-300 —400
Coron/mM Tyo/MS

10 3.48 3.55 3.55
20 1.77 1.81 1.79
40 0.89 0.92 0.92
80 0.42 0.45 0.46
dlog(1/t,,)

dlogCiion 1.01 0.99 0.98

stepped from a value at which no current flows to
a value sufficiently negative to ensure that the
heterogeneous electron transfer takes place at
the diffusion-controlled rate. Typically, this in-
volves a potential step to E, = E°—300 mV. Ob-
viously, the interference of proton reduction is
expected to become increasingly important with
numerically increasing values of E,. Therefore,
a series of experiments were carried out during
which the magnitude of E,,— E° was changed be-
tween the values —200, —300 and —400 mV. The
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results, which are summarized in Table 2, showed
that the apparent reaction order in PhOH is es-
sentially independent of the difference E,—E°,
and reduction of protons as a possible source of
anomalous results can, accordingly, be ruled out.

The conclusion resulting from all these experi-
ments is that the two transient electroanalytical
techniques, DPSC and DCV, do give different
values of the apparent reaction order in PhOH
under the experimental conditions of the study
and we now demonstrate that this is partly caused
by deviations from pseudo first-order conditions
in the concentration ranges of this and the earlier
studies.

As a starting point, it is pertinent to examine
the similarities and differences between the two
techniques in more detail. For this purpose, the
potential-time and response characteristics are il-
lustrated in Fig. 2. Common to both techniques is
that the initial electrode process is reduction of A
to A", and the fraction of A™ which survives the
experimental conditions on the time scale of the
experiment is monitored through the reverse pro-
cess, oxidation of A™ back to A. In a typical ex-
periment, the response, i during DPSC and /'
di/dt during DCV, is measured at two values
the time, ¢, as indicated by the broken lines

of
in

_E ﬂk _E’ 'y
E°-300F + Egy E°-300
E° E° )
E£°+300 — . £°+300 !
L 1: > l
' t |
i |
Y | ' i
iA .- E I'-"d—i T «— I | ;
I A-e s A—T—— t [—A-e A ———
| 1 |
e |
0 r—— 0 |
i i ,
s il
—Aves A/ | — A~e’*A7—:r<
S i - > 1 { 1 >
0 tig) tHig)=2tlig) ¢t 0 tlip) tlig) t

Fig. 2. Potential-time (top) and response-time (bottom) characteristics for DPSC (left) and DCV (right).
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Fig. 2, and the results are given as the ratios R, =
—i/(0.2929i;) and R, = —iy/iy, which are the
parameters used in the data analysis. A major
difference between the two techniques is the na-
ture of the electrode process in the time interval
between these two measurements. During
DPSC, the value of E-E° is positive, e.g. +300
mV. Accordingly, the oxidation of A" to A takes
place at a rate close to that for a diffusion-con-
trolled process, whereas during DCV, the value
of E-E” is negative and, as a consequence, the re-
duction of A to A continues to take place in this
time interval. In other words, during DPSC, the
original concentration conditions are being ap-
proached in the time interval between the two
measurements, while during DCV, the perturba-
tion of the concentration profiles, including that
for PhOH, is further accentuated. The extent to
which this has consequences for the validity of
the assumption of pseudo first-order conditions
depends on the value of C3,,,/C; and the relative
time scale of the two techniques. The effect is
most clearly demonstrated by an example:
Consider the reaction scheme (1)—(5) assuming
that the formation of the PhOH/PhO~ complex
(eqn.5) can be regarded as an irreversible pro-
cess. At Cp,0n/Ca = 6, for example, the values of
the parameters k,Cp,ont,, and k,CpouRT/(v,,nF)

T, = 0.1834/(k,Crion) (20)

Vin = k,CoonRT/(0.1403F) (21)
are equal to 0.1834 and 0.1403 (cf. Table 4), and
the correspondence between t,, or v, and
k,Chon can then conveniently be expressed as
eqns. (20) and (21). If we now assume that k, is
equal to 5000 M~' s~ which is close to the aver-
age of the published values, and that C}qy is
equal to 6 mM, we arrive at the values t,, = 6.11

ms and v, = 5.50 V -s7! for the pulse width and
the potential sweep rate at 298 K. The total time
of the DPSC experiment is twice the value of 1,,
which in the present case amounts to 12.22 ms.
Assuming now that the potential range during
DCV is from E-E° = 300 mV to E-E° = —300
mV, the total scan is 1200 mV, which at a sweep
rate of 5.50 V-5 results in a total DCV experi-
ment time of 218 ms, approximately 18 times that
of the DPSC experiment.

In order to illustrate the difference in PhOH
consumption for the two techniques due to this
difference in time scale, we calculated the values
of the additional charge consumed due to the oc-
currence of steps (2)—(5), ¢—4..,, at the times at
which the measurements were taken. The par-
ameter q is the total charge and q,., is the charge
in the absence of the follow-up reactions, i.e. at
k,CaRT/(vnF) = k,Cit = 0. The results for three
different degrees of conversion are summarized
in Table 3. By comparison of the values at R, = R/
= 0.5, which were used in this work, it is noticed
that the additional charges at the times of the first
measurements, (¢—q,..);, i.e. at t = (iy) = T,,
(DPSC) and ¢ = t(iy) (DCV), are of similar mag-
nitude, the values being 0.063 (DPSC) and 0.048
(DCV). However, this situation is changed dra-
matically when the comparison is made at the
time of the second measurement, i.e. at t = (ip) =
2t,, (DPSC) and ¢ = #(iy) (DCV), at which the
additional charge, (g¢—¢..,),, for DCV, 2.395, is
approximately 12 times that for DPSC, 0.195.
Since the magnitude of the additional charge is
closely related to the consumption of PhOH, the
question now is whether the much higher conver-
sion during DCV is sufficient to cause the value
of [PhOHJ/C;, in the reaction layer to deviate ap-
preciably from C},,,/Ca. The effect is illustrated
in Fig. 3 which shows simulated concentration
profiles for A, A™ and PhOH at C},,,/Ci = 6 for

Table 3. Values of the normalized additional charge, g—g..,, for mechanism (1)—(5) at C,0./C; = 6 for different

degrees of conversion.

R, (DPSC) R (DCV)

0.3 0.5 0.8 0.3 0.5 0.8
(GGu)i® 0.107 0.063 0.020 0.166 0.048 0.009
(G-Gror)o” 0.318 0.195 0.066 3.868 2.395 0.852

At the time of the first measurement. “At the time of the second measurement.
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DOUBLE POTENTIAL STEP CHRONOAMPEROMETRY
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Fig. 3. Concentration profiles for A, A" and PhOH at
Cpon/Cp = 6 (mechanism 1-5). The numbers given
at the Y axis represent values of [A)/C3, [AVC; and
[PhOHJ/C3, respectively. The profiles correspond to
(a) t=04t, (b)t=1t, (c)t=2t, (d) t = Ki),
(e) E = E,,, and (f) t = Kig).

both techniques at k,Cit = 0.03057 (DPSC) and
k,CaRT/(vaF) = 0.02338 (DCV) corresponding
to R, = R| = 0.5 (cf. Table 4). The minimum
value of [PhOHJ/C; during DPSC is observed at
the end of the first potential step at ¢ = #(ip) = 1,
(profile b) at which time the first current meas-
urement is taken. The value amounts to 5.67 or
94.5 % of Cp,on/Ca. During the second potential
step at which the back oxidation of A” to A pro-
ceeds at the diffusion-controlled rate, thereby
causing [A7] to be effectively diminished, the dif-
fusion of PhOH towards the electrode surface
can now easily furnish the amount needed for the
chemical reactions and consequently the value of
[PhOH]/C;, increases slightly in this time interval.
At the time of the second current measurement, ¢
= t(iy) = 21,,, the value of [PhOH}/C; is 5.70
(profile c), corresponding to 95 % of Cp,0u/Ca. It
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is clearly seen that the deviations from pseudo
first-order conditions are small during the com-
plete DPSC experiment, even when Cj,q,,/Cx is
as low as 6. The DCV profile for PhOH during
the time until the first measurement is taken,
close to E = E° in the forward scan (profile d), is
essentially unperturbed, and in that respect re-
sembles the corresponding DPSC profile as also
expected from the values of the additional charge
given in Table 3. However, this is not the case
when the second measurement is taken close to E
= E” in the backward scan (profile f). Due to the
continuous consumption of PhOH in the con-
siderable time interval between the two meas-
urements, the value of [PhOH]/C, at the time of
the second measurement is as low as 4.00, or only
67 % of Cpon/Cx, Which is close to the minimum
value during the DCV experiment. Another way
of illustrating the magnitude of the PhOH con-
sumption during DCV is comparison of the sur-
face concentration of PhOH at the time of the
second measurement with the bulk value after
exhaustive reduction of A to AH,. The latter
value is 2 for mechanism (1)—(5) at C,,//Ca = 6,
or in other words, the surface concentration of
PhOH is only twice this limiting value when the
second DCV measurement is taken. Obviously,
the reaction cannot be treated as a pseudo first-
order process during DCV at C},,,,/Ca = 6. How-
ever, the deviations from pseudo first-order con-
ditions will be progressively less pronounced as
the value of C3,,,/C, increases, and the question
now is to what extent this will be reflected in the
apparent reaction orders measured in the con-
centration range of the experimental work.

To answer this question, we carried out an ex-
tensive series of digital simulations for the two
techniques, again assuming that the reaction is
adequately described by the scheme including
steps (1) to (5) with (5) being irreversible. The
results of the calculations were treated in a man-
ner analogous to that described for the experi-
mental data, i.e. as log[1/(kCtg )] or log[vgnF/
(kC3RT)] vs. log(Ceon/Ca)- The results of this
treatment at various degrees of conversion, i.e.
at different values of R, or R|, are depicted in Fig.
4 in the range C},,,/Ci = 6-100. It should be re-
called that plots of this kind are not expected to
be linear according to theory, but when the con-
centration ratio is restricted to vary between 6
and 100 the deviations from linearity are small, as
demonstrated by the data in Fig. 4, and the slope
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Fig. 4. Reaction order analysis by (a) DPSC and (b)
DCV of theoretical data for mechanism (1)-(5) in the
range Cg,0./Ci = 6-100. The slopes indicate the
apparent reaction orders at the degree of conversion
corresponding to the values of R, and R) given in the
figure.

of the regression line defined by the points pro-
vides a convenient measure of the sensitivity of
T, and v, to variations in the concentration ra-
tio.

Two features of the plots are noteworthy. First,
the apparent reaction orders increase with in-
creasing conversion, and second, DPSC seems to
be much less affected than DCV. Both these
trends are in keeping with the data in Table 3 and
the considerations made above and demonstrate
that a process like mechanism (1)-(5), which is
truly first-order with respect to PhOH, may give
rise to apparent DCV reaction orders signifi-
cantly higher than unity in this species when data
in the entire range Cp,0,/C = 6-100 are included
in the analysis. Obviously, the apparent reaction
order will approach unity with increasing values
of the lower limit of C},,/Ca. If, for example,
the concentration range is restricted to Cp,,,/Ca
= 10-100, the apparent reaction order at R{ = 0.5
decreases from 1.07 to 1.05.

Until now, we have only been concerned with
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the deviations from pseudo first-order conditions
from a purely mechanistic point of view. Another
important question is: by how much are the sec-
ond-order rate constants, k,, calculated without
considering these deviations, in error? To answer
this question, we have tabulated values of k,C37,,
and k,C3, 4T, (DPSC) as well as k,CoRT/(v,,nF)
and k,C o RT/(v,nF) (DCV) in the range
CGhoon/Ca= 2-100 in Table 4. The basis for the cal-
culations of the error in k, is the case for which
[PhOH] = Cj,04, i.€. pseudo first-order condi-
tions, a situation reached in principle only when
the concentration ratio Cp,,,/C: is infinitely
large. In this limiting case, the observed pseudo
first-order rate constant, k;, is equal to k,Cp,op-
On moving from this hypothetical condition to
experimentally accessible concentration ratios,
the error in k, due to the deviations from pseudo
first-order conditions obviously increases with
decreasing values of Cp,,,/C. If a maximum er-
ror in k, of 5% is accepted, inspection of Table 4
shows that DPSC allows the concentration ratio
to be as small as 5, whereas the same precision
calls for a value of C},,,/Cy between 20 and 40
during DCV. At C;, = 1 mM, which is typical
during DCV mechanism analysis, this corre-
sponds to a minimum value of G}, of more than
20 mM. Since for other reasons, such as solvent
effects and the risk of problems due to adsorp-
tion, the concentration of PhOH or other similar
acids should not exceed 100 mM, the general
conclusion is that incorporation of the concen-
tration proportions in the analysis of experimen-
tal DCV data is necessary for accurate work.

The theoretical data presented so far have
demonstrated that reaction scheme (1)—(5) with
rate determining (2) and irreversible (5) in the
concentration range Cp,o,/Cy = 6 to 100 is pre-
dicted to result in the apparent reaction orders
1.01 (DPSC) and 1.07 (DCV) when the data are
analyzed in terms of eqns. (17) and, (19) solely
due to deviations from pseudo first-order condi-
tions. Whereas the DPSC value certainly cannot
be distinguished from unity within experimental
error, a deviation amounting to 0.07 is expected
to show up in careful DCV work. However,
when the experimental values given in Table 1
are compared with the theoretical predictions in
Fig. 4, it is obvious that effects other than devia-
tions from pseudo first-order conditions contrib-
ute to the magnitude of the apparent reaction or-
der.
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Table 4. The error introduced in the second-order rate constant, k,, by assuming pseudo first-order conditions

for mechanism (1)—(5).2

DPSC DCV

Coron/Ca kCavype k:CononTirz Error (%)° k.CaRTI(vionF)  ksCoronRTI(v,2nF)  Error (%)°
o 0 0.1768°¢ 0 0 0.1116¢ 0
100 0.00177 0.1770 0.1 0.00113 0.1130 1.3
40 0.004443 0.1777 0.5 0.002875 0.1150 3.0
20 0.008935 0.1787 1.1 0.005935 0.1187 6.4
13 0.01383 0.1798 1.7 0.00946 0.1230 10.2
10 0.01807 0.1807 2.2 0.01270 0.1270 13.8
8 0.02272 0.1818 2.8 0.01644 0.1315 17.8
6 0.03057 0.1834 3.7 0.02338 0.1403 25.7
5 0.03698 0.1849 4.6 0.02960 0.1480 32.6
4 0.04676 0.1870 5.8 0.04046 0.1618 45.0
3 0.06363 0.1909 8.0 0.06422 0.1927 72.7
2 0.09966 0.1993 12.7 0.1589 0.3178 185

aThe error for the mechanism including only steps (1)-(4) will amount to one-half of the values given above.
bCalculated as the deviation from the pseudo first-order value. °Pseudo first-order value.

Since our conditions involve semi-infinite lin-
ear diffusion as the only mode of mass transport,
the effectiveness by which the PhOH consumed
during the course of the reaction is replaced de-
pends on the diffusion coefficient, Dy, such
that decreasing values of Dy,qy Will result in in-
creasing deviations from pseudo first-order con-
ditions. The simulations of the data presented in
Fig. 3 were all carried out assuming that Dy, oy
was equal to D,. However, it is well known that
PhOH dissolved in polar aprotic solvents is
strongly associated to the solvent molecules
through hydrogen bonds.?*** Because of this, it
seems reasonable to assume that the diffusion co-
efficient for PhOH may, in fact, be smaller than
that for anthracene, D,. It has been reported in a
number of cases that the relative magnitude of
the diffusion coefficients of species involved in
electrochemical reactions may have a consider-
able effect on the related theoretical data.*~* To
the best of our knowledge, the value of D, has
not been measured accurately under our experi-
mental conditions; therefore, in order to get an
estimate of the magnitude of the possible effect
of the inequality of D, and D,, we have car-
ried out a series of calculations in which the ratio
D /Dy on Was varied between 1 and 45. The re-
sults of these calculations in the form of apparent
reaction orders are presented in Table 5. The

trends in the data are again as expected. The ap-
parent reaction order calculated from DCV data
is indeed sensitive to variations in the diffusion
coefficient ratio, while that based on DPSC is
hardly affected at all. We had to consider four
significant digits in order to observe any differ-
ence for the DPSC data which then were 1.012 at
D,/Dpo = 1 and 1.014 at D,/D,,q,, = 45. How-
ever, the effect even during DCV is only moder-
ate for reasonable D,/D,,qy, values and we con-
clude that differences in D, and Dy, under the
experimental conditions are of only minor im-

Table 5. The influence of the diffusion coefficient
ratio, D,/Dp.o4, ON the apparent reaction order for
mechanism (1)-(5).°

DPSC DCV
Du/Deron  dlog[1/(k,Cit,)]  dloglv,nFi(k,CiRT)]
dlog(Cenon/Ci) dlog(Canon/CR)
1.0 1.01 1.07
45 1.01 1.1
10 1.01 1.13
45 1.01 1.15

aConcentration range: Cg,0./Ci = 6—100.
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portance for the magnitude of the apparent re-
action order, and may in general be neglected.
Another possible source of the difference be-
tween the theoretical and experimental data may
be found in the neglect of the equilibrium be-
tween PhOH and the corresponding dimer (eqn.
22), which is expected to be a much stronger acid
than PhOH, partly due to the large value of K.
Unfortunately, the value of K,, in DMF appears
not to be known. However, for CCl, a value of
(.74 has been reported,* which seems to indicate
that K,, may have a significant value in DMF.

K.,
2PhOH = (PhOH), (22)

The possible role of (PhOH), in the reaction
scheme for protonation of anion radicals derived
from alternant aromatic hydrocarbons and re-
lated species is presently under investigation in
order to improve the understanding of these and
other related proton-transfer reactions in polar
aprotic solvents.

It is evident from these results and the dis-
cussion given in the previous paragraphs that the
deviation from pseudo first-order conditions can-
not be neglected during DCV at low values of
Chon/Ca- As a consequence of this, we have ex-
tended our studies to include measurements in
the range Gp,o,/Ca = 1-2 at C; = 1-2 mM, one
advantage being that the response is expected to
reflect clearly the magnitude of the stoichiomet-
ric contributions from equilibrium (5). Further-
more, kinetic complications due to the participa-
tion of (PhOH), as a proton source are expected
to be less pronounced at low values of Cpon.
Working curves at different values of C},0,/Ca
are shown in Fig. 5 (DPSC) and Fig. 6 (DCV).
Curves which correspond to truly pseudo first-
order conditions are included for comparison
(). Once again it is evident that DPSC shows
very little sensitivity to variation in the ratio
Chon/Ca. whereas the DCV working curves dif-
fer considerably. It is quite obvious that the dif-
ferences between the DPSC working curves are
too small to be of mechanistic significance, but
this is not the case for DCV, and this expected
sensitivity to the relative amount of PhOH and A
was used to test experimentally the assumption
that the formation of the PhOH/PhO~ complex
may indeed be regarded as an irreversible pro-
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Fig. 5. Double potential step chronoamperometry
working curves for mechanism (1)—(5) at C3,04/Ca
=1,2, 10 and «.
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Fig. 6. Derivative cyclic voltammetry working curves
for mechanism (1)—(5) at C3,o/Ca = 1, 2, 10 and .

cess which only affects the overall stoichiometry
of the process.

Working curves were calculated for three dif-
ferent mechanisms: (a) the conventional mecha-
nism in which the PhO~ ions formed during the
course of the reaction were assumed to exist as
free ions, (b) the PhOH/PhO~ complex mecha-
nism, i.e. steps (1)—(4) plus irreversible (5) and
(c) a mechanism including steps (1)—(4), and a
fifth step corresponding to the irreversible forma-
tion of a 2PhOH/PhO~ complex (eqn. 23). Com-

Ke
2PhOH + PhO~ = 2PhOH/PhO-
(Ky>1)

(23)

plexes between ArOH and ArO~ with the com-
position 2/1 have been observed in solution in a
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Fig. 7. Double potential step chronoamperometry
working curves for (a) mechanism (1)-(4), (b)
mechanism (1)—(5) and (c) mechanism (1)-(4), (23)
at C3,on/Ca = 1 together with experimental points
obtained at Co,oy = Ca =2mM and T = 295 K.
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Fig. 8. Derivative cyclic voltammetry working curves
for (a) mechanism (1)—(4), (b) mechanism (1)—(5) and
(c) mechanism (1)—(4), (23) at C3,on/Ci = 2 together
with experimental points (©) obtained at C3,o
=4mM, C;=2mMand T =295 K.
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Fig. 9. Derivative cyclic voltammetry working curves
for (a) mechanism (1)—(4), (b) mechanism (1)—(5) and
(c) mechanism (1)—(4), (23) at Cp,0n/Ci = 1 together
with experimental points () obtained at C3,o,, = Ci
=2mMand T=295K.
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number of cases®?* (and even 3/1 and 4/1 in the
solid state)*** and might be expected to play a
role under the present experimental conditions as
well. The theoretical data for DPSC at Cp,0,,/Ca
= 1 are shown in Fig. 7 and for DCV at C},,,//Ca
= 2 and 1 in Figs. 8 and 9, respectively. Included
in the figures are experimental points at these
concentration ratios and it is seen that the work-
ing curves for mechanism (1)—(5) are followed
closely in all cases. This shows that reaction (5)
may indeed be regarded as an irreversible pro-
cess and that protonation of A" by PhOH/PhO~
does not interfere kinetically in the time scale of
DCYV under the experimental conditions.

Conclusions

The work presented here serves to remove the
remaining ambiguities in the mechanistic discus-
sions of the reaction of anthracene anion radical
with phenol. The differences in apparent reaction
orders in phenol measured by DCV and DPSC
originate partly in the deviations from pseudo
first-order conditions which are accentuated in
the DCV response to a much greater extent than
in the DPSC data. We have shown that this dif-
ference in the two techniques arises as a conse-
quence of the much higher degree of conversion
of reactants under typical DCV conditions than
during DPSC studies.

The greater sensitivity of DCV to stoichiomet-
ric conditions was taken advantage of to show the
effect of phenol removal by phenoxide ion (re-
action 5) by studying the reaction under purely
second-order conditions, i.e. C3,04/Cy in the 1-2
range. A good correlation between experimental
and theoretical data for mechanism (1)-(5) was
found. These observations suggest that extension
of concentration ratios from the usual pseudo
first-order range to second-order conditions
should find general applicability in related stud-
ies, and provide more detailed mechanistic infor-
mation in many cases.

Experimental

Digital simulations were carried out on an HP
9826A desk computer essentially as described
earlier.” For DCV, the simulation sweep rate
was 0.5 mV/time step and differentiation was car-
ried out by application of the least-squares pro-
cedure of Savitzky and Golay.” For DPSC, the
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simulations involved 1000 time steps in each po-
tential pulse. The instrumentation, data acquisi-
tion techniques, and the solvent and supporting
electrolyte purification procedures were the same
as described previously. >
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