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of this substrate.® We have now searched for them again and
observed only faint traces of their absorption in the visible region
after the initial deposition or irradiation at 11 K. It appears very
likely that Fe(CO)s, and its photodecomposition products, are
efficient scavengers of both H and F centers. It is then under-
standable that their presence will suppress the H-center-catalyzed
phototransformation 2 — 1.

In summary, we believe that we have demonstrated the catalysis
of an organic isomerization reaction by solid alkali halides, spe-
cifically, by color centers present in these solids. This has obvious
implications for the use of alkali halides as “inert” matrices,!
but may also be of more general interest, since catalysis by solid
alkali halides is rather unusual. For instance, they were not even
mentioned in a recent survey of catalysis by non-metals.* Some

alkali halides are used as promoters in industrial heterogeneous
catalysis, the mechanism of their action being quite obscure.®® A
photocatalytic effect of KBr and Csl has been reported for the
photodecomposition of vinyl chloride®! but the mechanism has not
been investigated.
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Abstract: A propagating reaction front was found and investigated in the dissolved oxygen-Co(Ac),-benzaldehyde closed
system in glacial acetic acid. The velocity of the front increases with the concentrations of benzaldehyde and dissolved oxygen
and decreases with [Co(Ac),). The experimental findings are interpreted on the basis of a simplified version of a proposed
mechanism of the reaction. This is the first chemical wave reported in a nonaqueous solvent.

The liquid-phase oxidation of organic compounds by molecular
oxygen catalyzed by transition metal ions has been a subject of
detailed studies!2 for many years. Most of these reactions are
autocatalytic and characterized by radical chain mechanisms.
These features may result in exotic kinetic behavior, such as
bistability, oscillation, and propagating reaction fronts. Oscillation
has been observed and interpreted in the Co(II)-catalyzed oxi-
dation of benzaldehyde in aqueous acetic acid in the presence of
Br~ ion>* in an open system where the reaction mixture may take
up oxygen.

The autocatalytic nature of the reaction raises the possibility
of propagating reaction fronts.*¢ Our preliminary experiments
demonstrated that a propagating front could be initiated in the
system by perbenzoic acid or by Co(III), which are known™?
intermediates of the overall reaction. The results of systematic
studies of the concentration dependence of the velocity of the
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propagating front are reported and interpreted in the present paper.

Experimental Section

Benzaldehyde of analytical purity was distilled three times under
vacuum in a nitrogen atmosphere from anhydrous K,CO,; and kept
protected from light under nitrogen. Analytically pure, “chromic acid
resistant” 99% acetic acid was freed from water with acetic anhydride.
Its water content was less than 0.001%.

Co(Ac),4H,0 (BDH) was purified by double recrystallization from
aqueous acetic acid. It was dried to constant weight at 100 °C and 1.5
Torr, then stored over P,O;. Perbenzoic acid was prepared from di-
benzoyl peroxide by the method of Braun.!?

Oxygen—nitrogen mixtures (see later) were purged through an acetic
acid solution of cobalt(I1) acetate for 30 min through a filter containing
P,O; and pumice. This interval was found to be suitable for saturation
of the solution. Then benzaldehyde was added, and after complete
mixing the solution was pulled into a capillary tube of 1-mm internal
diameter. The wave was initiated by immersing the end of the tube for
a moment in a solution of 0.05 M perbenzoic acid in acetic acid. The
perbenzoic acid caused the pink color of Co(II) to change to green Co-
(I1I), and this front started to travel along the tube. The propagating
front was followed visually in the horizontal direction. The measurements
were carried out at ambient room temperature of 22 £ 2 °C.

Results and Discussion

Figure 1 shows the distance versus time curves at four different
Co(II) concentrations. The velocity of the front as a function of
the concentration of the individual components is illustrated in
Figures 2-4.

A quantitative characterization of the concentration dependence
of the front velocity has been given only in very few cases.’
Because of the complexity of the present system, no quantitative
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Figure 1. Position of the front as a function of time at different Co(Ac),
concentrations: [PhCHO] = 0.754 M; [O,] = 0.0083 M (saturated);
[Co(Ac),] = 0.005 M (0), 0.012 M (@); 0.016 M (0); 0.024 M (m).
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Figure 2. The effect of benzaldehyde corcentration on the velocity of the
front: [Co(Ac),] = 0.007 M, [O;] = 0.0083 M (saturated).

description of the concentration dependence of the wave velocity
is attempted. The mechanism of the reaction is extremely com-
plicated; the simulation of the oscillatory behavior in an open
system in presence of Br~ ions involves 21 elementary steps.> For
a qualitative interpretation of our present results, we propose the
following “skeleton” mechanism, including rate constants where
available. (The fine details of the mechanism, such as the di-
merization of Co(IT) and Co(III) acetate, etc., are deliberately
omitted.)

PhCOOOH + Co(II) — PhCOO* + Co(Ill) + OH- (R
v, = 1.9 X 105{PhCOOOH][Co(II)]
Co(III) + PhCHO — Co(II) + PhCO" + H* (Ry)81617
v, = 1.6 X 10[Co(III)][PhCHO]?
PhCO"* + O, — PhCOOO" (R,)?
vy = 5.0 X 103[PhCO*][O,]
PhCOOO* + PhCHO — PhCO* + PhCOOOH (Ry)¥16

b = 3.9 X 10°[PhCO00*][PhCHO]

PhCOOO"* + Co(Il) — Co(IIl) + PhCOOO~ (Ry)!!
vs = 8 X 105[PhCOOO*][Co(11)]
PhCOO* + PhCHO — PhCO* + PhCOOH
vs = 1 X 10’[PhCOO*][PhCHO]
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Figure 3. The effect of Co(II) acetate concentration on the velocity of

the front: [PhCHO] = 0.754 M, [O,] = 0.0083 M (saturated).
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Figure 4. The effect of the oxygen content of the O,~N, mixture used
to saturate the solutions studied on the velocity of the front propagation.

The appropriate combination of the individual steps shows that
the accumulation of perbenzoic acid is autocatalytic.

Ry + R, + 2R; + 2R + R (R;)

PhCOOOH + 2PhCHO + 20, + 2Co(Il) =
2PhCOOOH + 2Co(III) + PhCOO™ + OH- (Ry)

From an analysis of the skeleton mechanism and the above
equations, taking into account the results of some additional
experiments, the following can be stated.

a. According to (R;), the reaction front can be initiated by
Co(III). Additional experiments confirm this expectation.

b. If we completely eliminate perbenzoic acid, then there would
be no pathway for spontaneous initiation of the reaction. The
practically unavoidable perbenzoic acid content of the benz-
aldehyde may explain the observation that the reaction mixture
is not stable at high benzaldehyde concentration. At [PhCHO]
> 1 M, the bulk reaction becomes too fast under our experimental
conditions; thus the Co(IT)~Co(III) transition is complete within
minutes.
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¢. The Co(II) acts as a catalyst at low concentration but inhibits
the reaction at high concentration. The catalytic effect is clearly
seen from (R,) and (R,). At high Co(IT), however, the radicals
produced can not build up sufficiently to initiate the propagation
of the reaction through (R;) and (R,), because they are quickly
consumed by (Rs). This is in agreement with the velocity-de-
creasing effect of [Co(II)] and with earlier results.!'"'* In ac-
cordance with the opposing effects, we have found that the “bulk”
reaction taking place in the capillary tube without initiation is
too fast for waves to be measured at [Co(Ac),] <0.004 M;ie.,
the reaction is complete soon after mixing the components.
Therefore, we could not carry out experiments at sufficiently low
Co(II) concentration to illustrate the catalytic effect. At the same
time, no wave could be initiated at all at [Co(Ac),] > 0.04 M
under our experimental condition, because the inhibitory effect
prevents the wave propagation. At low Co(II) concentration the
wave accelerates because of the bulk reaction, as seen in Figure
1. (The diffusion of the perbenzoic acid used to initiate the
reaction may influence the velocity within the first 10~15 mm;
thus the initial parts of the curves are not shown.)

d. According to the skeleton mechanism, an increase in [Co(II)]
increases the rate of the bulk reaction. This is in agreement with
our observation that at high Co(II) concentration ([Co(Ac),] >
0.02) the pink color of the solution before the front slowly changes
to applegreen, causing the disappearence of the sharp boundary
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within 1-2 h. (This does not necessarily mean that the perbenzoic
acid front comes to an end, only that the front cannot be observed
visually any further.)

e. At intermediate Co(II) concentration a “second” front
following the first one can be observed, where the green Co(III)
color changes back to pink Co(II). This phenomenon also limits
the observable time interval to about 1-2 h.

f. The velocity of the front propagation as a function of the
percentage oxygen content of the O,~N, mixture used to saturate
the solution is seen in Figure 4. No visual observation of the front
was possible with O, < 40%. Figure 4 suggests that there is a
threshold in O, concentration below which no wave can be ini-
tiated. The reason is that below this limit the dissolved O is
completely consumed by Co(II), and no excess is available to
produce perbenzoic acid, which is responsible for the propagation
of the wave.

Conclusion

The present paper is the first report on the phenomenon of
propagating reaction fronts in the autoxidation process and in a
nonaqueous solution. Since most autoxidation processes of organic
compounds follow a similar mechanism, the discovery of many
other waves can be anticipated. The mechanistic details of these
type of reactions are well known. Thus the extension of exper-
imental studies in this field is a promising venture and may be
of a great value in understanding nonlinear phenomena in chemical
kinetics.
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Abstract: New apparatus for measuring the apparent molar votumes of gases in liquids is described. The apparatus has been
used to obtain the limiting partial molar volume of sulfur dioxide in 17 organic solvents. The limiting partial molar volume
of sulfur dioxide is found to be significantly smaller in electron-donating solvents than in non-electron-donating solvents, with
this difference being interpreted in terms of charge-transfer complex formation. We propose two methods for estimating the
standard volume change of the complexation reaction and illustrate the use of these methods by application to the sulfur dioxide

+ benzene system.

Many investigators have shown that sulfur dioxide forms
charge-transfer complexes with electron donors. Evidence has
been reported for complex formation between sulfur dioxide and
aromatic hydrocarbons, olefinic hydrocarbons, and hydrocarbons
containing a heteroatom. Accounts of some representative studies
can be found in ref 2-10.

Since the formation of charge-transfer complexes will lead to
enhanced solubility of sulfur dioxide in electron-donating solvents,
such solvents may have industrial importance as good absorbents
for removing sulfur dioxide from gaseous effluents.!! Further
investigation of this possibility requires knowledge of the solubility
of sulfur dioxide in electron-donating solvents.
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