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The electrochemical behavior of three simple aromatic carboxylic acids, benzoic acid
(PhCOOH), 1-naphthoic acid (NphCOOH) and 9-anthroic acid (AnCOOH) has
been studied in dimethyl sulfoxide. The results of cyclic voltammetry and derivative
cyclic voltammetry (DCV) suggest that the initial electrode process was formation of
the corresponding anion radical, which for NphCOOH and AnCOOH, and possibly
also for PhCOOH, was protonated by the substrate in a so-called self-protonation
step [eqn. (i), Ar = aryl] followed by further reaction of ArHCOOH".

ArCOOH™* + ArCOOH i) ArHCOOH® + ArCOO~ (i)

The coulometric n-values determined by constant current coulometry were ob-
served to be close to unity in agreement with the stoichiometry of the overall
reaction, eqn. (ii), where ArH,COO™ is the base corresponding to the dihydrog-
enated product, ArH,COOH. The latter was isolated in good yield together with
ArCOOH after preparative electrolyses of NphCOOH and AnCOOH.

2 ArCOOH + 2 e~ —> ArH,COO~ + ArCOO~ (ii)

The kinetics of reaction (i) were studied by DCV for NphCOOH and AnCOOH.
The rate constants, k;, obtained were 4.7 X 10° M~! s™! (NphCOOH) and 2.9 x 10°
M~!s! (AnCOOH), respectively.

Definitive conclusions regarding PhCOOH could not be drawn. The voltammetric
reduction stayed chemically irreversible at voltage sweep rates up to 1000 V s™! and
only polymeric products were isolated after preparative electrolysis.

Reactions during which an anion radical is protonated by
substrate, the so-called self-protonation reactions, have
been the subject of much research during the last two
decades.''® The compounds that have been investigated so
far include carbon acids such as indenes,'? fluorenes® and
4,5-methylenephenanthrene,'*® nitrogen acids such as
phthalimide®’ and nitroimidazoles,® and oxygen acids such
as nitrophenols.!*!” Related to these reactions is the elec-
trochemical reduction of 1,3- and 1,4-diketones'""'* during
which protonation of intermediates by substrate is a charac-
teristic feature of the mechanism. Aromatic carboxylic
acids, which may be considered the most natural object of
this type of research, have not received much attention.
Moreover, the electrochemical reduction of simple unsub-
stituted aromatic carboxylic acids appears only to have
been studied in some detail for benzoic acid.">"

*Presented at the 15th Sandbjerg Meeting on Organic Electroche-
mistry, June 1990 and SCAN-ELCHEM-90, Copenhagen, Octo-
ber, 1990.
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644 Acta Chemica Scandinavica 45 (1991) 644651

The aim of the present work was to study the electro-
chemical behavior of some typical unsubstituted aromatic
carboxylic acids under aprotic conditions and to investigate
whether the self-protonation mechanism is operative for
these compounds. The experimental work was carried out
with dimethyl sulfoxide (DMSO) solutions of benzoic acid
(PhCOOH), 1-naphthoic acid (NphCOOH) and 9-anthroic
acid (AnCOOH).

Results and discussion

Cyclic voltammetry (CV). The cyclic voltammogram of a
2.5 mM solution of AnCOOH in DMSO at a voltage sweep
rate (v) of 10 V s~ is shown in Fig. 1(a) (full line). The first
reduction peak, R!, was chemically irreversible at this
sweep rate, but an anodic peak, O', corresponding to R'
began to emerge at sweep rates higher than 20 V s™' and
was fully developed at v = 1000 V s™! as shown also in Fig.
1(a) (broken line). Thus, at v < 10 V s™! the peak R'
appears to reflect the formation of the anion radical,
AnCOOH ", followed by further reaction. Continuation of
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Fig. 1. (a) Cyclic voltammogram of 9-anthroic acid (2.5 mM) in
DMSO containing Bu,NPF; (0.1 M) atv =10 Vs™' (——) and
v=1000V s (------ ); T = 294 K. The current amplification at
v = 1000 V s~' was 10 times lower than thatatv = 10 V s™.
(b) Same as (a) at v = 10 V s7', but after the addition of a
slight excess of Bu,NOH (40 % solution in water).

the voltage sweep at v = 10 V s7! revealed a second
reduction peak, R?, the anodic counterpart of which, 0% is
also seen in Fig. 1(a). The origin of these peaks was demon-
strated by addition of an excess of strong base, Bu/NOH,
to the voltammetry solution by which AnCOOH was con-
verted completely into the corresponding anion, AnCOO™.
The voltammogram of the resulting solution [Fig. 1(b)]
showed that R? and O® were associated with the quasi-
reversible one-electron reduction of AnCOO~ to the
dianion radical, AnCOO?"*. The peak separation, E,(O%)-
E,(R?), at v = 10 V s~' was found to be 90 mV or approxi-
mately 30 mV larger than that for a reversible process. The
details of the quasi-reversible reduction of AnCOO~ and
other related anions are presently under investigation.'®
The fact that the peaks R? and O? were detectable in the
voltammogram for AnCOOH even before addition of the
strong base suggested that the reaction following the initial
one-electron transfer was protonation of AnCOOH™" by
AnCOOH resulting in the formation of equimolar amounts
of AnCOO~ and the intermediate free radical,
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Scheme 1.

AnHCOOH-" (see Scheme 1 for structures). The structure
of ArTHCOOH" is similar to those of the radicals generally
formed during reduction of aromatic hydrocarbons in the
presence of suitable proton donors,” and the remaining
reaction sequence leading to the final product,
AnH,COOH, no doubt includes a series of chemical steps
similar to those for an aromatic hydrocarbon, for example
anthracene.'”? Thus, we suggest that the voltammetric
reduction of AnCOOH in DMSO is described by the reac-
tion sequence (1)-(4), with (2) being rate determining.
Because of the relatively low rate of reaction (2), the ho-
mogeneous reduction of AnHCOOH?", eqn. (3), dominates
the electrochemical reduction,? AnHCOOH® + e~ —
AnHCOOH"™, which for that reason will be neglected in
the mechanistic discussion.

AnCOOH + e~ == AnCOOH™ (1)

k
AnCOOH™ + AnCOOH —2> AnHCOOH® + AnCOO-
2

fast
AnHCOOH'+ AnCOOH*— AnHCOOH~ + AnCOOH
(3)

fast
AnHCOOH™ + AnCOOH—— AnH,COOH + AnCOO"
1G]

Mechanism (1)—(4) is similar to that proposed for other
self-protonation reactions,' but is not a complete descrip-
tion of the voltammetric reduction of AnCOOH, and
ArCOOH in general, as discussed later.

In the sweep rate range 0.1-10 V s™! a pre-peak appeared
as a shoulder in front of the second reduction peak, R?
(Fig. 2). This pre-peak, which is absent in the voltam-
mogram of AnCOO~ in the same sweep rate range, most
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Fig. 2. Cyclic voltammogram of 9-anthroic acid (1 mM) in DMSO
containing Bu,NPF, (0.1 M) atv =1V s ' and T = 294 K.

likely originates from the reaction of AnCOO* " with
AnCOOH and AnH,COOH.? Thus, the pre-peak reflects
a kinetic phenomenon rather than the reduction of an
intermediate.”

Essentially the same voltammetric behavior was ob-
served for NphCOOH, except that voltage sweep rates
above 100 V s™' were required for the observation of the
oxidation current for NphCOOH™, and the reduction of
NphCOOH seems to follow the same mechanism as that
for AnCOOH.

The reduction of PhCOOH stayed irreversible even at v
= 1000 V s7' and conclusions regarding the reduction
mechanism could not be drawn from the CV experiments.

It has been argued® that ArCOOH™* are improbable
intermediates in the voltammetric reductions of ArCOOH
and that the mechanism more likely involves the reduction
of protons, as observed for other acids under non-aqueous
conditions."** However, we wish to emphasize that there
is good experimental evidence for the existence of
ArCOOH™; PhCOOH™", for example, has been prepared

Table 1. Voltammetric peak potentials, E,, for the reduction of
aromatic carboxylic acids, ArCOOH, and methyl esters,
ArCOOMe, in dimethyl sulfoxide.?

Compound Peak —E,/V vs. Ag/Ag*
PhCOOH R 215
PhCOOMe R 224
NphCOOH R 1.82
R? 2.45
NphCOOMe R 1.87
AnCOOH R 1.48
R? 1.96
AnCOOMe R 1.53°

4In solvent containing Bu,;NPF; (0.1 M); v=10Vs™', T =
294 K. "Value corrected for the kinetic shift caused by the
dimerization of the anion radical (see the text).
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in solution by pulse radiolysis**> or by reduction with
Yy p y y

solvated electrons® and has been characterized spectro-
scopically.” In addition, we find it highly unlikely that
electrode processes that approach reversibility at voltage
sweeep rates less than 1000 V s™' involve the reduction of
protons. Another piece of evidence that supports our sug-
gestion of initial formation of ArCOOH ™ is found in Table
1, which summarizes the voltametric peak potentials for the
reduction of ArCOOH and the corresponding methyl es-
ters, ArCOOMe.

Owing to the almost identical Hammett o-values for the
COOH and COOMe groups,* the exchange of the hydro-
gen atom in COOH with a methyl group is expected to
result only in minor changes in the E, values for reversible
one-electron reduction. Inspection of the experimental
data in Table 1 shows that the acids are slightly more easily
reduced than the corresponding methyl esters. The ob-
served difference in E, for related pairs of compounds is 90
mV for Ar = Ph and only 50 mV for Ar = Nph or An.
However, not all of the compounds in Table 1 undergo
simple one-electron transfer processes. The voltammetric
reduction of alkyl esters derived from aromatic carboxylic
acids in general. and of PhCOOMe and NphCOOMe in
particular, is known to result in the reversible formation of
the corresponding anion radicals under aprotic condi-
tions, ¥ but the ester, AnCOOMe, is an exception in this
respect since AnCOOMe™* dimerizes within the timescale
of slow sweep CV, analogously to the anion radicals of
other anthracene derivatives substituted with electron-
withdrawing groups in the 9-position.*'* The rate constant
for dimerization is of the order of 1x 10° M~' s™! and
accordingly, the peak potential for AnCOOMe recorded
during CV at Ci,coome = 1 mM and v = 10 V s! will be
shifted by approximately +0.02 V relative to that for the
strictly reversible case.” The value of E, for AnCOOMe
given in Table 1 has been corrected for this shift. The values
of E, for the carboxylic acids are also affected by the
kinetics of the follow-up reactions. However, only moder-
ate voltage sweep rates were necessary to outrun the fol-
low-up reactions for NphCOOH and AnCOOH and there-
fore the shift was deemed to be small, probably in the range
+0.02 to +0.04 V. This means that the values of E, esti-
mated for the reversible one-electron reduction of
NphCOOH and AnCOOH, and probably also for
PhCOOH, are in fact very close to those for the corre-
sponding methyl esters. We believe that this provides con-
vincing supplementary evidence for our suggestion that the
first event during voltammetric reduction of compounds of
the general structure, ArCOOH, is indeed the formation of
the corresponding anion radical and not the reduction of
protons.

Coulometry and preparative electrolysis. The stoichiometry
of a reaction sequence involving only steps (1)—(4) is given
by eqn. (5), which predicts a coulometric n-value of 2/3.
However, the products, ArH,COOH and ArCOO" exist in
solution in fast equilibrium with ArH,COO~ and



ArCOOH, eqn. (6), and for this reason a third of the
substrate consumed in reactions (1)—(4) will be regenerated
during coulometry or any other kind of exhaustive electro-
lysis. As a result of this, the stoichiometric equation chang-
es to (7) from which it is seen that a coulometric n-value of
unity rather than 2/3 is to be expected for the reaction.

3 ArCOOH + 2 e~ — ArH,COOH + 2 ArCOO~  (5)

ArH,COOH + ArCOO- Ko ArH,cO0- + ArcooH

(6)
2 ArCOOH + 2 e~ — ArH,COO™ + ArCOO~ @)
The results of constant current coulometry** are shown

in Table 2 and it is seen that the observed values of n are
indeed very close to unity for all three acids. This is in
agreement with the interpretation of the voltammetric re-
sults for NphCOOH and AnCOOH given above, but can-
not as such be taken as additional support for the proposed
mechanism, since an n-value of unity would also be ex-
pected for a mechanism involving reduction of protons to
molecular hydrogen, 2 ArCOOH + 2 e~ — 2 ArCOO™ +
H,.

The product distributions obtained after preparative
electrolyses of NphCOOH and AnCOOH were as ex-
pected from the proposed mechanism. The details are giv-
en in the Experimental section. The analysis showed that
the products obtained for NphCOOH after acidification
were essentially a 1:1 mixture of NphH,COOH and
NphCOOH in agreement with eqn. (7) and mechanism
(1)-(4), (6). For AnCOOH the yield of AnH,COOH was
somewhat higher (70 %) and the amount of AnCOOH
recovered considerably smaller than predicted from eqn.
(7), which corresponds to a coulometric n-value larger than
unity. At first glance this may seem inconsistent with the
value, 0.99, obtained by constant current coulometry
(Table 2), but the phenomenon that experiments carried

Table 2. Coulometric n-values, values of the rate constant for
self-protonation, k,, and reaction orders, Ryg, for the reduction
of aromatic carboxylic acids in dimethyl sulfoxide.®

Compound Coulometric k,x107® Rag®
n-value® MTs”

PhCOOH 0.93 +0.02 —d —d

NphCOOH 1.06 +0.03 4.7+ 0.9° 1.95+0.16

AnCOOH 0.99 +0.03 29+0.3° 2.00+0.10

4In solvent containing Bu,NPF; (0.1 M); T = 294 K.
"Determined by constant current coulometry. “Reaction order in
[ArCOOH) + [ArCOOH] defined as 1 + d log v,s/d log Ci.coon-*
9Not measurable. °Evaluated from v,5 measurements assuming
K; = = (see the text). The uncertainty in the rate constants is
mainly caused by the necessity to apply rather high voltage
sweep rates during the measurements.

SELF-PROTONATION REACTIONS

out at different time scales may result in different n-values
is not unusual in electrochemistry.* In the present case, the
difference is most probably related to the problem of keep-
ing the concentration of water in the solvent, during a
lengthy preparative electrolysis, at the same low level as
during a constant current coulometry experiment that takes
five to six minutes. Thus, the high yield of AnH,COOH
appears to result from partial protonation of AnCOO~ by
residual water followed by reduction of the resulting
AnCOOH. Dimeric products were not observed for any of
the two acids.

The interpretation of the results from preparative elec-
trolysis of PhCOOH were less straightforward since the
reduction of this compound resulted only in formation of
polymeric products which could not be identified unambig-
uously.

Kinetics and reaction orders. The kinetics of the self-prot-
onation reactions for NphCOOH and AnCOOH were
studied by derivative cyclic voltammetry (DCV).*“ The
analysis of a reaction scheme including only steps (1)—(4) is
straightforward and results in rate laws (8)—(11) assuming
reaction (2) to be rate determining and the validity of the
steady-state approximation for the two transient species,
ArHCOOH® and ArHCOOH™.2*%

d[ArCOOH])/dt = —k,|ArCOOH][ArCOOH "] 8)
d[ArCOOH")/dt = —2k,[ArCOOH][ArCOOH "] 9
d[ArCOO~)/dt = 2k,[ArCOOH][ArCOOH "] (10)
d[ArH,COOHJ/dt = k,|ArCOOH][ArCOOH""] (11)
However, ArCOOH, ArCOO~, and ArH,COOH also par-
ticipate, as already pointed out, in equilibrium (6), the

equilibrium constant of which, Ky, is not known. The ques-
tion is now to what extent the magnitude of K, influences

tog lk;Carcoon RT/vaF )

Fig. 3. Derivative cyclic voltammetry working curves for
mechanism (2)—(4), (6) for Kz = 0.5 (------ ) and the two limiting
cases, K; = 0 and Kg = © (—).
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the kinetic data for a particular value of k,. In order to
answer this question a series of calculations, during which
k, and K, were varied systematically, were carried out by
digital simulation (see the Experimental section). The re-
sults of these calculations are shown in Fig. 3 as working
curves for the two limiting cases, K, = 0 and K = o, (full
lines) and one intermediate case, K, = 0.5, (broken line).

It should be noted that the working curve for K, = 0.5 is
not located between those for the two limiting cases. The
reason for this is that the DCV method is based on analysis
of the ratio of the maximum positive and negative slopes of
the cyclic voltammogram and thereby reflects the changing
shape of the voltammogram in passing from K, = 0 to K, =
. However, the working curves for 0 < K, < « are not
sufficiently different in shape to allow for the simultaneous
evaluation of &, and K. The maximum error introduced in
k, by using the working curve for K = «, independent of
the real value of K, was estimated to be only 26 % when
the evaluation of k, was based on measurements of v, .

As a final test of the validity of rate law (8) a series of
measurements were carried out for NphCOOH and
AnCOOH to determine the reaction order in [ArCOOH]
+ [ArCOOH™], Ryg = 1 + d log v,s/d log C,coon-’
which for rate law (8), is predicted to have a value of two.
The results, which are shown in Table 2, demonstrate that
R 4 for both compounds is in agreement with the expecta-
tion within the experimental error.

The values of k, for NphCOOH and AnCOOH deter-
mined as described above are shown in Table 2 and it is
seen that the two rate constants differ only by a factor of
1.6. We are not aware of data for the pK, values of
NphCOOH and AnCOOH in DMSO, but the values are
likely to be very similar as judged from the corresponding
values measured in water: 3.69 and 3.65, respectively.* The
small value of the ratio, k,(NphCOOH)/k,(AnCOOH), ap-
pears, therefore, to reflect that the kinetic basicities of
NphCOOH™ and AnCOOH™" are also very similar. At
first glance this may seem a surprising conclusion consid-
ering, for example, that the rate constant for protonation of
the naphthalene anion radical by phenol in DMF or DMSO
is approximately a factor of 30 larger than that for prot-
onation of the anthracene anion radical.**° This difference
in the relative reactivity of these closely related anion rad-
ical systems may be rationalized within the formalism of
perturbation molecular orbital (PMO) theory.’! The self-
protonation reactions may be described in PMO theory as
involving the interaction of two degenerate molecular orbi-
tals (first-order perturbation) and accordingly, the rate is
controlled only be electron density. Quantum chemical
calculations have shown that the ratio of the frontier elec-
tron densities at the reaction centers of ArCOOH™" and
ArCOOH is very close to unity, the values being 1.06 and
1.07 for Ar = Nph and An, respectively,* which predicts
very similar rates for the two systems, as observed. On the
other hand, the rates of protonation the napthalene and
anthracene anion radicals by PhOH depend strongly on the
energy gap between the frontier molecular orbitals of the
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anion radical and PhOH (second-order perturbation). Tak-
ing into account the significant difference between the elec-
tron affinity of naphthalene and anthracene, which
amounts™ to 0.4 eV or approximately 9 kcal mol~!, a pro-
nounced difference in the kinetic basicity of the corre-
sponding anion radicals is to be expected, in agreement
with the experimental observations. More detailed theoret-
ical studies of the kinetics of protonation of anion radicals
are in progress.™

Finally we would like to comment on the competition
between protonation and dimerization of AnNCOOH™". As
mentioned above it is well known that the electrochemical
reduction of AnCOOMe is followed by dimerization of
AnCOOMe™" with kg, = 1x10° M~ s7'* and on the
basis of arguments already presented, AnNCOOH ™" may be
supposed to undergo dimerization with a rate constant
close to this value, which is only a factor of three smaller
than k, for this compound. Therefore, it might be expected
that the value of k, is affected by competing dimerization.
However, it should be emphasized that the value of k,
given for AnCOOH ™" is only a rough estimate and the total
absence of dimeric products after preparative electrolysis
indicates that the value of &, given for AnCOOH is not
affected by competing dimerization.

Experimental

Reagents, electrodes, cells and instrumentation for kinetic
measurements. 1-Naphthoic acid (Fluka, purum) was used
as received. 9-Anthroic acid was either from Aldrich Che-
mie (99 %) or prepared from the Grignard reagent of 9-
bromoanthracene (Fluka, pract.) by reaction with solid
carbon dioxide. The crude product was recrystallized sev-
eral times from ethanol-water (3:2), (m.p. 212-214°C, lit.*
m.p. 217-220°C; anal. C;sH,,0,: C, H). Tetrabutylammo-
nium hexafluorophosphate was prepared from tetrabutyl-
ammonium hydroxide (Aldrich Chemie) and hexafluoro-
phosphoric acid (Aldrich Chemie, 60 % solution in water)
analogously to the procedure described earlier for tetrabu-
tylammonium tetrafluoroborate.” The solutions of tetrabu-
tylammonium hexafluorophosphate (0.1 M) in dimethyl
sulfoxide (Fluka, purum) were passed through a column
filled with neutral alumina (Woelm, W200) immediately
before the measurements were made.

The electrodes, cells and instrumentation were the same
as previously reported,” except that the current-voltage
converter was a PAR model 276.

The value of E,,—E°, where E, is the potential at which
the voltage sweep is reversed, was —0.2 V in order to avoid
interference from the further reduction of ArCOO~ to
ArCOO*"* (see the text).

Coulometry. Constant current (25 mA) coulometry was
carried out under nitrogen in a cell divided by a sintered
glass disk (G3) at a mercury pool cathode and a platinum
gauze anode as described elsewhere.** The amount of
substrate used in these experiments was (0.1 mmol.




Preparative electrolyses. Constant potential reductions of
1-naphthoic acid were carried out at —2.0 V vs. a saturated
calomel electrode (SCE) in a cell in which the anodic and
cathodic compartments were separated by a ceramic mem-
brane. The potentiostat was a PI-50-1 (USSR). The cath-
ode was a mercury pool (20 cm?) and the anode was a
Pt-gauze. The SCE was connected to the cell through a salt
bridge containing the solvent (DMSO) and the supporting
electrolyte (Bu,NCIO,, 0.1 M). After the passage of 1.5 F,
the first wave of the starting material had disappeared and
the electrolysis was stopped. The catholyte was diluted by
water and acidified to pH = 3. The mixture was extracted
with diethyl ether. After evaporation of the ether, the
residue was chromatographed on a column filled with silica
gel (mesh 100-140) by elution with hexane—diethyl ether
(2:1). Two products were isolated, 1-naphthoic acid (yield:
45 %) and 1,4-dihydro-1-naphthoic acid (yield: 35 %). The
yields are based on the initial amount of 1-naphthoic acid.
It should be noted that the theoretical yields are only 50 %
for each compound according to the stoichiometry of the
reaction (see the text). 'H NMR data of 1,4-dihydro-1-
naphthoic acid (CDCl;, Bruker 250 MHz): 6 3.6 (2 H), 4.6
(1 H), 6.0-6.2 (2 H), 7.3 (4 H), 11.5 (1 H). The spectrum
was in accord with one reported elsewhere.® Essentially
the same procedure was followed for the reduction of
9-anthroic acid except that the working potential for this
compound was —1.8 V vs. SCE. The yield of the crude
product was close to 70 % and was shown by 'H NMR
spectroscopy to consist of 9,10-dihydro-9-anthroic acid to-
gether with trace amounts of the 9-anthroic acid, anthra-
cene, 9,10-dihydroanthracene and anthraquinone. Not
even traces of dimeric products were observed. 'H NMR
data of 9,10-dihydro-9-anthroic acid (CD,COCD;, Bruker
250 MHz): 6 3.85-3.95 (1 H), 4.254.35 (1 H), 4.95 (1 H),
7.25-7.45 (8 H).

Digital simulation. The theoretical data for mechanism (1)-
(4), (6), with equilibrium (6) being fast and reversible,
were obtained by application of an explicit formulation of
the diffusion problem followed by evaluation of the con-
centration changes caused by reactions (2)—(4), (6) in each
time step and each volume element.*® The treatment of the
homogeneous kinetic problem was dependent on the mag-
nitude of Kj.

For the general case, 0 < Ky < o, the concentration
changes associated with reactions (2)—(4) were evaluated
initially by application of the integrated rate law** fol-
lowed by an equilibrium treatment of reaction (6). The rate
laws (8)—(11) are given in dimensionless notation by egns.
(12)—(15), in which the parameters have the following sig-
nificance:
= [ArCOOHY/C coon-

[ArCOOH™")/C4 coon»
[ArCOO™)/C i cooms
[ArH,COOH]/C},coon»
k,CarcoonRT/(vnF) and
= tvnF/(RT).

A>Xan os
I

SELF-PROTONATION REACTIONS

da/dt = —hab (12)
db/dv = —2\,ab (13)
dc/dt = 2Mab (14)
dd/dt = hab (15)

The stoichiometric equation associated with the forma-
tion of the dihydrogenated products, eqns. (2)—(4), is given
by eqn. (16), which gives the relationship, eqn. (17), be-
tween a and b.

2 ArCOOH™* + ArCOOH —
ArH,COOH + 2 ArCOO- (16)

b, — b = 2(a, — a) (17)

The subscript m in eqn. (17) refers to the value of the
concentration parameters after evaluation of the diffusion
terms, but before evaluation of the kinetic terms. From
eqn. (17) an expression for a is easily obtained, which after
the introduction in eqn. (13) results in eqn. (18).

2a, - b, +b
db/dt = -2}, — b (18)

After rearrangement of eqn. (18) and integration from
b, to b and from t to T+AT in the usual manner, the
expression for b given by eqn. (19) is obtained.

) b,(2a,, — b,)
" 2a,exp[MAt(2a,, — b,)] ~ b,,

(19)

The value of a may now be obtained from eqn. (17) as
(2a,, — b,, + b)/2. The values of ¢ and d may be obtained in
a similar fashion from the appropriate stoichiometric equa-
tion as ¢ = b,, + ¢, — b and d = (2d,, + b, — b)/2,
respectively.

The results of these calculations were used as input in an
equilibrium treatment of reaction (6). With the same nota-
tion as before and e = [ArH,COO~)/Ca,coon We obtain the
following expression for K, eqn. (20) where A is the con-

(e + A)a + A)
T - = K (20)
(d—- A)c—-A)

centration change caused by reaction (6). Rearrangement
of eqn. (20) results in a second-order equation in A and the
analysis shows that only the positive root results in concen-
trations equal to or larger than zero in all volume elements.
For the special case, K, = 1, the calculation of A degener-
ates to eqn. (21).

cd —ae

A=—"""—""—H¥—
a+c+d+e 1)
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Calculations were carried out for pre-selected values of
K, at different values of A, in the range 0.01-100.

The two limiting cases, K, = 0 and K = o, were treated
separately. The first case, K, = 0, is equivalent to a scheme
including only reactions (2)—(4), and the second scheme
corresponds to the inclusion of reaction (6) as a fast and
irreversible process that affects only the stoichiometry of
the overall reaction. At K, = 0 the kinetic problem reduces
to eqns. (12)—(13), and for K, = = only eqn. (13) has to be
considered, since in this case the stoichiometry is given by
eqn. (22), and accordingly, da/dt = 0. Calculations for
these two cases were carried out at values of A, in the same
range as before.

2 ArCOOH™* — ArH,COO~ + ArCOO~ (22)

The simulations were carried out with double precision
on an IBM desk computer, model 6151-115, equipped with
an Advanced Floating Point Accelerator.
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