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catalyzes the oxidation process, and it is notable that under
analogous conditions oxidation has not been detected in V(V)
systems.

Several metal complexes of nicotinic acid N-oxide have been
synthesized in aqueous and nonaqueous solvents.**°  X-ray
structure analysis has been done for some,*® showing that the
ligand can coordinate in a monodentate manner via N-oxide
oxygen or an oxygen of the carboxylato group. In addition, the
ligand can be bidentate through both carboxylato oxygens or by
bridging via a carboxylato oxygen and the N-oxide oxygen. Only
an X-ray structure analysis could reveal the structure of molyb-
denum complexes 4-6. However, the spectral and chemical data

(49) Knuuttila, H. Acta Chem. Scand., Ser. A 1983, A37, 697, 765.

given have provided satisfactory evidence for the composition of
the ligand sphere and the most likely mode of ligation to the
molybdenum ion.

The ligand spheres containing the combination of coordinated
peroxo groups along with nicotinic acid or its N-oxide represent
interesting example of peroxo-heteroligand V(V) and Mo(VI)
complexes, where unusual electron transfers may be facilitated
and where three biochemically relevant components are combined
in a compound. The structure, spectral properties, and reactivity
of this type of compound are of interest and importance for
biochemistry, as well as for many catalytical oxidations involving
vanadium or molybdenum.
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Kinetic data for the reactions between MV** and eight transition-metal complexes (of cobalt, ruthenium, chromium, and iron)
and the uranyl ion were determined at pH 4 in 0.1 M perchlorate medium by pulse radiolysis. All the oxidants investigated are
outer-sphere reagents with known standard reduction potentials and self-exchange rate constants. The measured rate constants
are in agreement with those predicted by the Marcus theory after allowances are made for the diffusion control and electrostatics.

Introduction

The reactions of the 1,1’-dimethyl-4,4’-bipyridinium ion (ab-
breviated methyl viologen cation or MV?*) and of its radical
cation, MV**, have been of considerable recent interest. Among
other considerations that motivated this study is the widespread
use of this couple as an “indicator” pair in chemical and photo-
chemical reactions, since the radical cation is so brightly colored
(€max ~ 13000 L mol™! ¢cm™! at 600 nm).

This report concerns the kinetics of a series of nine reactions;
the analysis of the data also incorporates three additional reactions
from the literature. Tsukahara and Wilkins? have studied the
reactions of several viologens with a range of cobalt(IIT) complexes.
They noted a considerable anion effect on the rates of reaction.
In the present study a constant 0.10 M perchlorate medium is
used. The methyl viologen radical cation is a good outer-sphere
reductant (E° = —0.45 V), and the series of oxidants used have
known standard reduction potentials and self-exchange rate
constants, making it possible to correlate the data in terms of the
equations of the Marcus theory. We relied on the self-exchange
rate for the MV2* /MV** couple directly determined by NMR
line broadening,’ although other estimates®> were also considered.

Experimental Section

Reagents. Methyl viologen was obtained from Aldrich and used
without further purification. Most of the other chemicals were available
from earlier investigations.
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Pulse Radiolysis. The principal reducing agent for MV?* was *C-
(CH;),0H, generated by radiolysis of O,-free, N,O-saturated water in
the presence of 0.10 M 2-propanol.

The important reactions occurring are shown in eq 1-4.

H,0 <~ ¢,.”, OH', H', H*, H,0, (1
H+
N;O + e, —— OH" + N, @)
OH"* + (CH,),CHOH — (CH,),COH" + H,0 3)

(CH,),COH* + MV?* — (CH,),CO + H* + MV**  (4)

An acidity of 10™* M was used, and an ionic strength of 0.10 M was
achieved through the addition of NaClO,. All solutions were prepared
with triply distilled water. Pulse radiolysis was carried out with a beam
of 15-MeV electrons at a 4-ns pulse length. A 2-cm reaction cell was
used, and the decay of [MV**] was monitored at 600 nm. Pseudo-
first-order rate constants were calculated from the absorbance-time data
obtained by the use of a nonlinear least-squares fitting program.

Results and Discussion

Kinetic Data. The experiments were conducted so that a given
oxidizing agent (an acceptor, A) was present in large stoichiometric
excess over the methyl viologen radical cation. In each case the
pseudo-first-order rate constant (k,sq) varied linearly with the
average concentration of A present in a given experiment. Typical
plots are shown in Figure 1.

The slopes of the plots of kqq vs [A] give the second-order rate
constants for the cross-reactions, Kpe,sq, t0 @ precision of around
5%, and are given in Table I. They range from ~1 X 106 for
Co(sep)®* to 3 X 10° M! 57! for Cr{phen),**; with the literature
values®’ for Co(NH;)s** and Co(en);3* included, the range ex-

(7) Fanchiang, Y.-T.; Gould, E. S Inorg. Chem. 1977, 16, 2516.
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Figure 1. Four typical plots of pseudo-first-order rate constants against oxidant concentrations.

Table I. Summary of the Measured and Calculated Rate Constants for Oxidation of MV* by a Series of Transition-Metal Oxidants

ky/L Kmeasa/ L kg /L Keaies™?/L keaicd®/L koo /L

oxidant AE°/V radius?/A mol™! s7! mol™ 571 mol™! 57! mol™! s7! mol™! s7! mol ™! s7!
U0 0.51 33 15¢ 4.81 x 107 2.7 % 10° 2.7 x 108 2.9 x 108 2.6 X 108
Co(sep)** 0.19 4.4/4.6 2.0 9.80 % 10° 2.1 x 10° 1.1 x 10¢ 1.4 x 10¢ 1.4 x 108
Ru(NH,)¢** 0.55 3.35 820° 7.33 x 108 1.3 X 10° 2.7 X 10° 2.6 X 10° 8.7 X 108
Cr(bpy)y** 0.19 6.8 2 % 10%/ 1.95 x 10° 42 % 10° 2.0 x 1010 1.6 x 10'° 3.3 % 10°
Co(bpy)s** 0.765 6.7/6.9 17.5% 2,68 x 10° 4,1 x 10° 52x10° 38 x 10° 2.0 X 10°
Cr(phen)4** 0.17 7.0 2 x 10%/ 2.95 x 10° 4.4 % 10° 1.6 X 10'0 1.3 X 1010 3.3 X 10°
Co(tim)** 1.014 4.5 0.05/ 7.70 X 108 2.2 x 10° 5.9 x 10° 3.7 x10° 1.4 % 10°
Fe(cp),* 0.96 3.5 6 x 106m 2.48 X 10° 5.1 % 10° 6.2 X 10t 5.3 X 1010 47 X 10°
Co(phen),** 0.82 7.0 41.7% 2.28 X 10° 4.4 x 10° 1.1 x 10%° 7.4 x 10° 2.8 X 10°
Co(en);¥* 0.315 4.2 8 x 10757 5.1 X 10*? 6.0 x 10* 6.8 x 10*
Co(NH,)¢* 0.51 3.5/3.7 3% 1070 1.4 X 10%9 8.9 x 104 1.1 x 10

4Radii of oxidants. Where two numbers are given they refer to the oxidized and reduced forms of the couple. ®Diffusion-limited rate constant

corrected for jonic strength; see text. Using kl}.: 5.4 X 10® L mol™ s7!; ref 3. ¢Simple Marcus theory (eq 5 and 6). °Electrostatics-corrected

Marcus theory (eq 7-9) using a radius of 5.0

for methyl viologen. ke, = keacakaic/ (kair + Keaica) With use of electrostatics-corrected Kgeq.

2Reference 6. #Reference 10. Reference 11. /Reference 12. *Reference 13. ‘Reference 14. ™Reference 15. "Reference 16. °Reference 17. Pu

=1.0M;ref7. 9u = 2.0 M; ref 2.

tends even further, down to 5.1 X 10%

Marcus Theory Correlations. Of the nine rate constants we
have evaluated, seven are within a factor of 3 of the diffusion-
controlled limit (cf. kmpeaeq and kgi; in Table I). One might le-
gitimately argue that further correlations involving those seven
would be unwarranted, given how close they lie to the diffu-
sion-controlled limit. Here we adopt the opposite point of view,
while recognizing the limitations imposed by diffusion control.

Literature values are available for the reduction potentials and

self-exchange rate constants of all of the couples whose reactions

with MV** have been studied, as summarized in Table I. The
simple Marcus cross relation is given in eq 5 and 6.

kiy = (kitkyaKipf)/? (5)
log f = (log K5)?/4 log (ki1ky,/Z%) (6)

As all the reactions involved charged species, it was desirable
to use the Marcus theory in a form that corrects for different
electrostatic work terms. The calculations were performed by use
of eq 7-9.%
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1
AG*y, = E(AG*“ + AG*y, + AG® ), —wyp — Wy +wp, +
(AG° 1) + wy — wip)?

Wa) 8(AG*); = wyy + AG*y - wy) @)
aZ,Z;

Wy = a(l + Bau'/?) )

k = Z exp(-AG*/RT) 9)

w;; is a work term, « is equal to 1.75 X 1076 J mol™ m, 8 is
3.285 X 10° m™ LY/2 mol™"/2, Z, and Z; are the charges on the
ions, and u is the ionic strength. The distance of closest approach,
a, is given by the sum of the appropriate ionic radii. The radius
for methyl viologen was taken to be 5.0 A; this is close to the 6
A value used by others,” and in any event the work term corrections
are so small that this causes a negligible difference. Z, the fre-
quency of collision between two molecules within a solvent cage,
is taken!® as 10" L mol™ s7!. Self-exchange rates are those
reported in the literature.'®"’

Since so many of the rate constants are near the diffusion-
controlled limit, further adaptations were needed. The diffu-
sion-controlled rate constant (7.4 X 10° L mol™ s™!) was corrected
for electrostatics by the Debye equation'®

kdif = (74 X 109)b/(eb - ]) (10)

where b = 14Z,Z,/a, a being the distance of closest approach
in angstroms. This value corresponds to an ionic strength of zero
and was corrected to u = 0.1 M, by using the Debye—Hiickel
equation!®

k = 10%, (11)

where ¢ = Z,Z,u!/2/(1 + u4'/?) and k, is the second-order rate
constant at zero ionic strength.

Finally, the correction for diffusion control was done by use
of the equation®

keor = keatcakaie/ (kaie + Kealed) (12)
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Figure 2. Comparison between the experimental rate constants (Kpegea)
and the calculated values from the Marcus theory. The latter values were
corrected for diffusion limit and for electrostatic factors arising from the
different charge types of the reactant ions as explained in the text. The
upper dashed line has unit slope, where k9 = kcorr The lower dashed
line represents kp.,sq 10-fold lower.

Values of kg and kg, are given in Table I, which also allows
comparisons for the importance of the electrostatic work terms
(columns 7 and 8) and for the effect of diffusion control as ex-
pressed in eq 12 (columns 8 and 9). The calculated cross-reaction
rate constants (k.,) are in good agreement with the measured
rate constants (kg.,a). For assessing the agreement with the
Marcus theory, a more appropriate comparison would be between
keaieq (electrostatics corrected) and kpeqqq. Such a comparison is
illustrated in Figure 2, which shows a log—log plot of k... versus
k.- The higher measured rate constants are diffusion-controlled,
with only a minor activation-controlled contribution. All the
reactions, except the one with Fe(cp),2*, give kpensq values within
a factor of 10 of the Marcus theory k4 values. It has been shown
that the reductions of Co(bpy);** and Co(phen),** are often mildly
nonadiabatic?! (an electronic factor &, of 0.16 was quoted). In
the present work, k.. values for Co(bpy);** and Co(phen),;**
are lower than the k. values by factors of ~2 and ~3, re-
spectively.
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