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Kinetics and Mechanism of the Oxidation of L-Ascorbic Acid by Tris-
(oxalato)cobaltate(m) and Tris(1,10-phenanthroline)iron(mi) Complexes
in Aqueous Solution

By Masaru Kimura® and Miwako Yamamoto (née Tsuruta), Department of Chemistry, Faculty of Science,
Nara Women'’s University, Nara 630, Japan
Shinichi Yamabe, Department of Chemistry, Nara University of Education, Nara 630, Japan

Kinetic studies of the oxidation of t-ascorbic acid by tris(oxalato)cobaltate(it), [Co(C,0,),]3~, and tris-
(1.10-phenanthroline)iron(it), [Fe(phen)3]3+, have been made in an aqueous solution under varied conditions.
The following mechanism of reaction is presented in accordance with the empirical results in solutions of pH 0.3—4.7 :

K ky ks
(i) HA <= HA- + H*, (i) HpA + X® == H, A" + X*L, (i) HA- + X*—= HA" + X*1, (iv) X* + H,A"*

rapid
(and HA") —L> X1+ A + 2 H+ (and H*); where X = tris(oxalato)cobaltate(il) and tris(1,10-phenanthroline) -
iron(in) ions and n = 3~ and 3+ respectively; H,A and HA- are the protonated species of the ascorbate ion. The
rate constants k; and k,, and the acid dissociation constant K, were determined at 25 °C at ionic strength 0.1—1.0
mol dm-3, and at an ionic strength of 1.0 mol dm-2 at five temperatures between 10 and 30 °C. The results ob-
tained are discussed in terms of Marcus theory for the outer-sphere electron-transfer reaction. The energy of the
highest occupied molecular orbital of the species H,A and HA-, and the differences in total electronic energy
between H,A+* and H,A, and between HA* and HA-, are calculated by using CNDO/2 MO, and they are presented

for the comparison with the redox potentials estimated by applying the Marcus theory to the kinetic data.

L-AscORBIC acid is well-known for its reducing properties
in aqueous solution. The existence of the ascorbate free
radicals in the one-electron oxidation of L-ascorbic acid
has been confirmed by e.s.r. and kinetic measurements.!
In the present paper, we make kinetic studies of the
oxidation reactions of L-ascorbic acid with tris(oxalato)-
cobaltate(rir) and with tris(1,10-phenanthroline}iron(111)
in aqueous acidic solution, and present the most probable
mechanisms of reaction. Recently,?2 we made a kinetic
study of the oxidation of o-, m-, and p-benzenediols and
estimated the standard redox potentials of each isomer
by applying Marcus theory; ® the redox potentials were
found to correlate well with Ey, om0, and AEr, respectively,
the energies of the highest occupied molecular orbital
and the difference in total electronic energies between
radical molecule and the parent one, being theoretically
calculated by using the CNDO/2 MO method.# In the
present paper too, we have calculated Eyomo, and AEr
for the protonated species H,A and HA~ of L-ascorbic
acid with the purpose of comparing the kinetic properties
of these species; HA™ is much more easily oxidized than
H,A by both tris(oxalato)cobaltate(iti) and tris(1,10-
phenanthroline)iron(111) complex ions.

EXPERIMENTAL

Chemicals.—Reagent grade L-ascorbic acid from the
Wako Pure Chemical Co. Inc. was used without further
purification. The solutions of L-ascorbic acid were each
prepared immediately before use. K [Co(C,0,);] was syn-
thesized by literature methods.®:® The solutions of [Co-
(C,04)3)3~ were each prepared immediately before use.
[Fe(phen),][C1O,]; was prepared by oxidizing [Fe(phen),]?*
with lead(rv) dioxide in dilute sulphuric acid solution;
after removal of unchanged lead dioxide and lead(11) sulphate
the perchlorate salt of tris(1,10-phenanthroline)iron(11r)
was precipitated by addition of Na[ClO,]. The solid ob-
tained was recrystallized from perchlorate solution. A
stock solution of [Fe(phen);]** was prepared by dissolving

the perchlorate salt in concentrated perchloric acid (709,
v/v). The [Fe(phen),]3* is quite stable in perchloric acid
and the concentration does not change for at least 3 months.
Sodium perchlorate used for adjusting the ionic strength
was recrystallized twice from aqueous solution. Deionized
water was further distilled with addition of some perman-
ganate in a glass still.

Kinetic Measurvements.—The kinetic experiments were
carried out with a Union RA-401 stopped-flow spectro-
photometer for the reaction of L-ascorbic acid with [Fe-
(phen),]3* by following the increase of the absorbance of
[Fe(phen)g)?* at 510 nm, and with a Hitachi model 100-40
spectrophotometer for the reaction of r-ascorbic acid with
[Co(C,04)5)%~ by following the decrease of the absorbance
of the cobalt(1ir) complex at 600 nm. The L-ascorbic acid
concentrations were kept at least 10 times larger than the
oxidizing agent concentrations in order to ensure pseudo-
first-order conditions. The observed rate constants were
evaluated by treating the points of a single run with a least-
squares method for the reaction of L-ascorbic acid with
[Co(Cy04)3]®>~ and were evaluated by treating the kinetic
curve of the average of 10 runs for the reaction of L-ascorbic
acid with [Fe(phen),]**. The stopped-flow apparatus was
equipped with a micro-computer system for memorizing and
averaging the multiple runs. The acidity was kept constant
in the range 0.11—0.5 mol dm™ in perchloric acid for the
reaction of L-ascorbic acid with [Fe(phen),]3*, and the pH
was kept constant in the range 3.2—4.7 by addition of
NaOH or HCIO, for the reaction of L-ascorbic acid with
[Co(Cy0,)5]3™; the pH was well buffered with excess ascorbic
acid throughout the kinetic run. The pH of aliquot samples
of the reaction solution was measured with a Hitachi~
Horiba M-5 pH meter. Sodium chloride instead of potas-
sium chloride was used for the electrolyte in the reference
electrode in the pH meter. The ionic strength was adjusted
by addition of Na[ClO,]. The activity coefficients (f;) at
varied ionic strengths (I) were obtained by using log f; =
—0.358 z21}/(1 + 1082-0.2325 It) with a; = A and
z; = 1.7 The activity coefficients used were 0.88 (0.05),
0.85 (0.1), 0.83 (0.2), 0.79 (0.5), 0.78 (0.75), and 0.77 (1.0),
with ionic strength (mol dm™) in parentheses.
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RESULTS

Dissociation Constant of L-Ascorbic Acid.—The dissoci-
ation constants (K,) for the reaction H,A == HA~ 4 H*
were determined by the pH titration of L-ascorbic acid at
an ionic strength of 1.0 mol dm™ at 10—30 °C, and at
different ionic strengths at 25 °C. The values of K,
(mol dm™) determined are, at an ionic strength of 1.0 mol
dm™ with temperature (°C) in parentheses, 8.32 x 1075
(10), 9.12 x 107 (15), 1.00 x 107 (20), 1.12 x 107 (25),
1.26 x 10 (30); and at 25 °C with ionic strength in
parentheses, 1.10 x 107 (0.75), 1.05 x 107 (0.5), 1.00 X
1074 (0.2), 9.55 x 1075 (0.15), 8.32 X 107 (0.1), and 7.76 X
1075 (0.05).

Stoicheiometry.—(a) Reaction between L-ascorbic acid and
tris(oxalato)cobaltate(111). For the purpose of the examin-
ation of the stoicheiometry, the reaction was started at the
initial concentration of 4.0 X 107 mol dm™ for the each
reactant at 25 °C. The aliquot samples were withdrawn at
appropriate times and mixed with a solution of 0.05 mol

TABLE 1

Second-order rate constants (k,) for the reaction between
L-ascorbic acid and tris(oxalato)cobaltate(1rr) @

10%%,/dm?
Temp./°C I/mol dm™ pH mol™s71
15 1.0 3.52 0.734
3.78 1.01
3.95 1.30
4.11 1.58
4.32 2.06
4.60 2.52
20 1.0 3.29 0.935
3.50 1.34
3.73 1.81
3.94 2.35
4.17 3.05
4.54 3.94
25 1.0 3.27 1.42
3.46 1.76
3.62 2.40 2
3.67 2.40
3.87 3.20
3.98 3.76 %
4.02 3.94
4.25 5.00
4.48 5.94
4.52 5.96°
30 1.0 3.20 2.02
3.43 2.88
3.60 3.70
3.81 4.58
4.00 5.72
25 0.5 3.72 1.78
3.79 1.97
3.98 2.54
4.11 2.88
4.35 3.66
25 0.2 3.81 1.33
4.19 2.06
4.40 2.50
4.67 3.13
25 0.1 3.68 0.851
3.72 1.00,
13, ¢
1274
4.10 1.42
4.25 1.64
4.50 2.18

s Initial concentrations of L-ascorbic acid and K,[Co(C;0,),]
are 0.1 and 0.003 mol dm™ respectively. ? Asin a, but in the
presence of 0.0056 mol dm™ ethylenediaminetetra-acetate.
¢ As in a, but in the presence of 107* mol dm™ copper(1)
sulphate. ¢ As in a, but in the presence of 5 x 107 mol dm™3
copper(11) sulphate.
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dm™ perchloric acid, 0.1 mol dm™ sodium perchlorate, and
0.019%, gelatin, where the concentrations are of those after
the solution was mixed. Then the concentrations of vL-
ascorbic acid andfor [Co(C,0,)4]*~ were measured at 0.375 V
versus s.c.e. (standard calomel electrode) and 0.150 V versus
s.c.e. by using polarography. At 0.150 V versus s.c.e. only
the reduction current of [Co(C,0,)3]*~ was measured, and at
0.375 V versus s.c.e. the total current due to the oxidation of
L-ascorbic acid and the reduction of [Co(C,0,),]3 was
measured. As a result, the mean of [Co(C,0,);® Jreactea/
[L-ascorbic acid]ieaeteq Was 1.9 + 0.2 for 10 reaction times.

(b) Reaction between L-ascorbic acid and tvis(1,10-phenan-
throline)ivon(111). Since this reaction is very fast, the
stoicheiometry can be determined by titrating r-ascorbic
acid with [Fe(phen),]®*, the concentration of the complex
being measured as a monitor at 510 nm. The equivalent
pointshowed that the L-ascorbic acid reacted with a two-fold
amount of [Fe(phen)y]**. Thus, the same stoicheiometry
holds for both oxidants, and the stoicheiometric equations
are described by (1) and (2) where Ar represents all the forms

2[Co(Cy0,)3]*~ + Ap —» 2 Co!l + 6 C,0,2~ +
other products (1)

2[Fe(phen);]** + Aq — 2 [Fe(phen)gJ2* +
other products (2)

of L-ascorbic acid, and the other products are probably the
dehydroascorbic acid and protons.

Kinetics of Reaction.—(a) Reaction between tris(oxalato)-
cobaltate(111) and L-ascorbic acid. The kinetic experiments
for this reaction were carried out at pH 3.2—4.7 so that the
thermal decomposition of [Co(C,0,);]3~ would be negligible.
When pseudo-first-order conditions are adopted, plots of
In A, versus t were linear for at least half-life time; A4,
indicates the absorbance of [Co(C,0,),]*~ at 600 nm at a
certain time (¢) of reaction. Moreover, when second-order
conditions were adopted, the second-order plots were also
linear as long as pH was well buffered. The second-order
rate constant (%,) was determined under the various con-
ditions and values are in Table 1. Plots of k, versus
K,/((H*] + K,) showed straight lines with intercepts, under
any conditions. Some examples for these plots are shown
in Figure 1.

Thus, the rate law is described by equation (3) where
[AT) indicates total concentration of all forms of L-ascorbic

~d[Co(C404)¢*7]/dt = ko[Co(C;0,)5* J[AT]

K,
=2 {k, + (ks — By m} [Co(C:0);* IAr] (3)

acid and can be set as [Ag] = [H,A] 4+ [HA™] under the
present conditions of pH range.

Temperature dependence. According to the rate law of
equation (3), the values of £, and %, were determined at
15-—30 °C at an ionic strength of 1.0 mol dm™ (Table 3).
The activation parameters were calculated from Eyring’s
absolute rate expression [equation (4)] by assuming « = 1,
the results being tabulated in Table 4 together with other
parameters.

— 5‘{_ exp [ASYR] exp [—AHYRT]  (4)

Effect of ionic strength. The rate of reaction (i.e., &, and
k,) increased with increasing ionic strength, see Tables 1 and
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FiGure 1 Examples of plots of %, versus K, [([H*] + K,).

Initial concentrations of L-ascorbic acid were 0.1 mol dm™ (O),
0.01 mol dm™ (), and 0.003 mol dm™ (@); initial con-
centration of [Co(C,0,);]*~ was 3.0 X 107 mol dm™; ionic
strength = 1.0 mol dm™3. Lines (a), (b), and (¢) respresent the
experiments at 15, 25, and 30 °C, respectively

3. Although the values of ionic strength employed in these
experiments lie outside the Debye—Hiickel region, the ionic
strength dependence is as expected for the reactions between
two ions of like charge sign.

Catalytic effect of copper(11) ion. The rate of reaction
between vr-ascorbic acid and [Co(C,0,),;]*” was greatly
accelerated by the presence of small amounts of copper(11)
ion (refer to Table 1). The copper(11) ion catalysis was, how-
ever, remarkably reduced by the presence of the complex-
forming agent, the oxalate ion; for example, although the
initial rate was about 130 times faster in the presence of
5 X 107 mol dm™ of copper(11) sulphate, it was reduced down
to almost the same rate as in the absence of copper(ir) by
0.01 mol dm™ sodium oxalate being added before starting
the reaction. The copper(11) catalysis is presumed to be due
to the homogeneous cyclic reactions of Cu?*/Cu*, and thus
the poisonous effect of the oxalate ion is presumed to be due
to the complex formation of oxalato-complexes with the
copper(11) ion which may be hardly reduced to copper(1) by
L-ascorbic acid.

(b) Reaction between tris(1,10-phenanthroline)ivon(int) and
L-ascorbic acid. When pseudo-first-order conditions were
adopted, plots of In (4, — A;) versus ¢t were linear for 80%,
of a whole reaction, where 4, and A4, indicate the absorb-
ance of [Fe(phen),)?* at infinite time and at time ¢ of reaction,
respectively. The observed first-order rate constants
showed a first-order dependence on the L-ascorbic acid
concentration. When second-order conditions were em-
ployed, the second-order plots were also linear, thus con-
firming the first-order dependence on each reactant. As
seen in Table 2, the second-order rate constant (&,) in-
creased with decreasing acidity. Plots of &y versus [H*]™?
showed straight lines with intercepts; examples of these
plots are given in Figure 2. Thus, the rate of reaction is
described by equation (5).

—d[Fe(phen),*]/dt = ko[Fe(phen)y*][Ar]
= 2(k, + kK [H']!)[Fe(phen)**][Az] (5)
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TABLE 2

Second-order rate constants (k,) for the reaction between
L-ascorbic acid and tris(1,10-phenanthroline)iron(1i) *

[HC10,)/ 107%%,/dm?
Temp./°C I/mol dm™ mol dm™ mol s
10 1.0 0.50 0.355
0.22 0.625
0.14 0.835
0.11 1.01
15 1.0 0.50 0.45, 0.48
0.22 0.76, 0.70
0.14 1.04
0.11 1.17
20 1.0 0.50 0.520
0.22 0.826
0.17 1.00
0.14 1.15
0.11 1.44
25 1.0 0.50 0.62
0.22 1.02
0.14 1.37
0.11 1.60, 1.71
30 1.0 0.50 0.734
0.22 1.19
0.17 1.45
0.14 1.68
0.11 2.03
25 0.75 0.50 0.787
0.22 1.30
0.17 1.69
0.11 2.12
25 0.50 0.50 1.07
0.22 1.86
0.14 2.50
0.11 2.98
25 0.25 0.25 2.81
0.22 3.04
0.17 3.69
0.14 4.09
0.11 4.54

* Initial concentrations of L-ascorbic acid and [Fe(phen)]3+
are 1.0 X 10™ and 5 X 107® mol dm™ respectively.

20

—
[22)

—
~N

10" kg /dm> mol " s’

o)

1 1
% 3 16

+4-1 3 -1
[H] /dm™ mol
FiGure 2 Examples of plots of 2, versus [H+]2. Conditions are
those given in Table 2; ionic strength = 1.0 mol dm™. Lines

(a), (b), and (c) represent the experiments at 10, 20, and 30 °C,
respectively
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TABLE 3
Temperature and ionic strength dependence of rate constants @
Temp.| I (Co(Cy04)s)*~ + Ar?® (Fe(phen),]°*  Ar©
°C mol dm™ 10%, 1034, 1075, 108k,
10 1.0 — — 1.00 + 0.04 5.29 4+ 0.03
15 1.0 0.30 4 0.03 1.69 4 0.05 1.25 + 0.05 5.81 4 0.03
20 1.0 1.7 4+ 0.08 2.68 + 0.05 1.45 + 0.05 6.15 + 0.05
20 1.0 — — — 7.84
25 1.0 1.2 4+ 0.1 4.06 + 0.07 1.73 + 0.06 6.45 + 0.05
30 1.0 3.940.2 54402 2.04 0.1 7.02 4 0.08
25 0.75 _— — 2.0 +0.1 9.0 + 0.2
25 0.50 0.66 + 0.14 2.75 4+ 0.04 3.0+ 0.1 12 + 0.2
25 0.25 — — 6.2 + 0.2 19 + 0.5
25 0.2 (—0.53) 1.9 4+ 0.1 — —
25 0.1 0.2 + 0.6 1.5 4+ 0.1 — —_
%In dm? mol*st. % Conditions as in Table 1 and Figure 1. ¢ Conditions as in Table 2 and Figure 2. ¢ From Ref. 11.

TABLE 4
Parameters obtained for the reactions ¢

) AH,,%/ ASy,3/ AG,.*/ AG,°f E°(H,A+[H,A)] E°(HA-/HA")/
Reaction system k] mol™ J K™ mol™? k] mol™! kJ mol™ \"% \'

[Fe(phen)]3+~H,A 21.3 + 0.5 —734+ 2 32.8 + 0.2 18.7 + 0.3 1.25,1.27
[Fe(phen),]3+-HA~ 7.7+ 0.3 —50 +1 12.4 4 0.1 —23.2 + 0.3 0.82,0.856 %
[Fe(phen) )3 +-HA~ 884 2¢ —46 + T 12.5¢ 0.80, ca. 1.00 ¢
[Co(C,0,)s)*—H,A 108 + 22 46 4 61 84.3 4+ 0.7 83.9 + 0.7 1.44
[Co(C,0,)]3—HA~ 54.3 + 4.4 —109 % 15 76.4 % 0.5 75.2 3 0.5 1.35

Epomo.(HzA) = —0.425 aud Epomo. (HA™) = —0.141 a.u? AEp(H,A+[H,A) = 0.389 a.u? AE;(HA-/HA-) = 0.082 a.u.?

¢ The following parameters are used for the estimation of E°: 2, = 90 and 97 k] mol™ for the reaction systems involving [Fe-
{phen),)** and [Co(C,0,);3]3~ respectively; E°{[Fe(phen),]3*+:2+} = 1.06 V (N. Sutin and B. M. Gordon, J. Am. Chem. Soc., 1961, 83,

70); E°{[Co(Cy04);5]*—*7} = 0.57 V (L. Hin-Fat and W. C. E. Higginson, J. Ckem. Soc. A, 1967, 298).
ated by using A, = 86 k] mol™ with AG,;* = 23 k] mol™ and AG* = 20 k] mol™? (refer to ref. 2).
ively large Ep.o.m.0. and the larger AEq correspond to the greater energy requirement for the oxidation.

Tempevature dependence. The values of k£, and &,
defined in equation (5) were determined at 10—30 °C at an
ionic strength 1.0 mol dm™ (Table 3). The activation
parameters were evaluated by assuming x = 1 in equation
(4) and are listed in Table 4 together with other parameters.

Effect of ionic strvength. The rate of reaction decreased
with increasing ionic strength (see Table 2), and both %,
and %, decreased with increasing ionic strength. Although
the ionic strengths lie outside the Debye—Hiickel region, the

® These two values are estim-
¢ Fromref. 11. 4 The negat-
lau. = 2626 k] mol™.

DISCUSSION

Since both the ions [Co(C,0,);]~ and [Fe(phen),)3* are
one-electron oxidants, the oxidation reactions of L-
ascorbic acid by these oxidants could favourably occur
with two successive one-electron transfer reactions.
Thus, the mechanism (6)—(10) is consistent with the
empirical results; X» = [Co(C,0,)4]3~ or [Fe(phen),]*+.

ionic strength dependence is expected for the reaction be- H,A Ka HA- + H* (6)
tween two ions of unlike charge sign. The reaction for the i
k,-path is the reaction between neutral (H,A) and positive Xr + HpA m===== H,A'* 4 Xnl (7)
ion, [Fe(phen),]3*. Despite this, the ionic strength ks
dependence was almost the same as that in the reaction of Xn 4 HA- ks HA- + Xn1 (8)

unlike sign. This is probably due to the r-ascorbic acid
molecule having a dipole moment.

Calculation of Ey om0, and AEr.—Generally, the oxidation
potential of a molecule of X may be evaluated theoretically
by two calculated properties. One is the energy of the
highest occupied molecular orbital of X (Ej om,) which
corresponds to the first ionization potential. The other is
the difference (AE7) in total electronic energy between the
neutral molecule X and its cation X*. The latter property
takes into account the effect of electron reorganization

Xr 4+ HAY 2 Xv1 L A 4 2HY  (9)
X* 4+ HA® 2 Xn1 4 A 4+ H* (10)

Assuming steady-state concentrations for H,A'* and HA-,
and the conditions %,[X”] > k_[X»7] and %[X"] > &,
[X»1] equation (11) can be derived. If [H*]> K,,
this gives equation (12). Equations (11) and (12)

during process X === X" 4+ e”. These two properties —d[Xn]/dt

usually give consistent results. In the present study both K

Epomo, and AEqg are calculated for the species H,A and HA™. =2 {kl + (kg — &y) ———T—f‘-—} [X=][Ar] (11)
The molecular structure of L-ascorbic acid determined by (H']+ Ka

X-ray analysis 8? was used for the CNDO/2 MO calcul-
ation. The same structure was used for the calculation of
Ep of X and X*. The values of Ey om0, and AEp are pre-
sented in Table 4, together with other parameters.

—d[X")/dt = 2(k, + kK. [H*])[X"][Ar] (12)

correspond to equations (3) and (5) respectively, and
therefore are in accordance with the empirical results.


http://dx.doi.org/10.1039/DT9820000423

1982

Both complex ions are inert to ligand substitution, and
thus the most favourable mechanism of reaction may be
of two successive one-electron transfer reactions through
an outer-sphere activated complex. The Marcus theory3
is useful for examining the free energy of activation for
the adiabatic outer-sphere redox reactions. According
to the Marcus theory, the excess free energy of activation
for a cross reaction (AG,,*) varies with the standard free-
energy change (AG,,°) for the reactions (13)—(16) where

AG* = oy + M(l + AG°/2y)%4  (13)
BGp® = AG® + 015 — g (14)

Mz = 2(AGy* — gy + AGy* — og)  (15)
kyp = Z exp (—AG*/RT) (16)

AG,,* and AG,,* are the free energies of activation for the
self-exchange electron-transfer reactions, and w;, and w,,
represent the work terms involved in the same reactions;
oy, and o, are the work terms required to bring the
reactants or products together at the separate distance
in the activated complex; Z is the collision frequency in
solution, and is usually taken as 10' dm? mol? s at
25 °C. The parameter Xy, is equal to A; 4 2y; where %
is the solvent reorientation term and »; is the contribu-
tion term from the inner-sphere changes in bond lengths
and angles in molecules of the activated states. When
% is negligible, A, is equal to X,

By the same treatments as those reported previously *
and assuming radii of 350, 450, and 700 pm for L-
ascorbic acid,* tris(oxalato)cobaltate(1r,11),t and tris-
(1,10-phenanthroline)iron(111,11) 1®  respectively, the
values of 2, are found to be 97 and 90 k] mol™? for the
reactions of L-ascorbic acid with [Co(C,0,);®~ and
[Fe(phen);]3* respectively. Under the conditions of
ionic strength of 1.0 mol dm™3, all the work terms except
0y, are smaller than 1 k] mol? and thus the work terms
are totally insignificant in the evaluation of AG,°;
Wy is 1.22 and 0.08 k] mol? for [Co(C,0,)3)3*" and
[Fe(phen),]3*2* respectively. AG,* is obtained from
the rate constants in Table 3. By using the values of
AGyo*, Ny (A being assumed to be negligible), and the
work terms, AG,,® can be estimated. AG,,® allows the
estimation of the standard redox potential. The esti-
mated redox potentials Eo(H,A"*/H,A) and E°(HA"/HA")
are listed in Table 4 together with other kinetic para-
meters. In the case of the reaction between L-ascorbic
acid and [Co(C,0,);]®~, the pre-exponential factor
deviates greatly from 10* dm? mol? s and thus a non-
adiabatic process may be involved.f [Co(Cy0,)5]3 is a
low-spin complex, while the cobalt(11) complex is high-

* This radius (» = 350 pm) was calculated using the equation
%ny3 = M|Np, where p is the density, M the molecular weight,
and N = 6.023 x 10 (from ref. 1).

t This radius (450 pm) is the same as adopted in the work of
R. A. Holwerda, D. B. Knaff, H. B. Gray, J. D. Clemmer, R.
Crowley, J. M. Smith, and A. G. Mauk, J. Am. Chem. Soc., 1980,
102, 1142.

+ The pre-exponential factor is different from the collision
frequency {Z in equation (16)]. If we tentatively estimate the
pre-exponential factor by using Arrhenius’ equation, & = 4 exp

(—E./RT), weget 3 x 10 and 5 X 107 dm? mol™ s respectively
for reactions of HyA and HA- with tris(oxalato)cobaltate(1).
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spin. In addition, the energy barrier for the self-ex-
change reaction between cobalt(111) and cobalt(11) com-
plexes is likely to be large due to the spin multiplicity
change accompanying the electron transfer. Thus, the
contribution from the inner-sphere reorientation, i.e.
%, may be large.  Due to the above reasons, both values
E°(H,A"*/H,A) and E°(HA'/HA™) estimated from reac-
tions with [Co(C,0,),]*~ were somewhat larger than those
from reactions with [Fe(phen),]3* (see Table 4). Peliz-
zetti et al! studied the oxidation of r-ascorbic acid by
several oxidants and estimated, by the same treatments
as those in the present paper, E°(H,A"*/H,A) = 1.35 or
140 V and E°(HA*/HA-) = 0.88 or 0.93 V. These
values are in good agreement with the corresponding
values of E°® which we estimated from the reaction with
[Fe(phen),]* (see Table 4). Pelizzetti ef al.l! reported
that the observed rate constants (k,) in the reaction be-
tween L-ascorbic acid and {Fe(phen),]3* were proportional
to [H*]! without intercept and the %, path was not found.
Their observation is different from ours. As seen in
Figure 2 and from analysis of the data in Table 2, the
k, path is obviously found in our study, especially in the
experiments at higher temperatures and lower ionic
strengths. Since the study by Pelizzetti et al.ll was
done' at an ionic strength of 1.0 mol dm™, the %, path
might have been difficult to find. Our value of %,
under the same conditions of 6.2 x 108 dm® mol™? s is
compared to their value of 7.8 X 108 dm?® mol™? s at an
ionic strength of 1.0 mol dm™3 at 20 °C (see Table 3).
Their slightly larger value may be due to the neglection
of the %, path from the observed rate constant k. The
values of AH,t and AS,t (and also AG,*) are in good
agreement with each other (see Table 4).

When Ep om0 (HpA) is compared with Eyomo.(HA™) in
Table 4, it is apparent that HA~ is oxidized much more
easily than the species HyA. The same trend is given by
the comparison of AEr(H,A"*/H,A) with AEr(HA*'/HA™).
This trend is obviously revealed by the comparison of %,
and k, in Table 3, and by the comparison of E°o(HyA"*/
H,A) and E°(HA:/HA") in Table 4.
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