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oxidation by passage through a column packed with 60-200
mesh activated silica gel under a nitrogen atmosphere.

Oxidation Procedure.—Oxidations were performed in a
closed system using 10 ml. of indene (d%% of indene used,
0.9696). A vigorously shaken modified 25-ml. erlenmeyer
flask was used. The oxidation flasks were maintained in a
constant temperature bath fairly well shielded from light.
The oxygen absorption was followed by a manually controlled
gas buret filled with mercury. The oxygen used was of
high purity and has been described previously .1

The preparation of solutions of indene containing known
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amounts of AIBN was accomplished by adding the desired
amount of a benzene solution of recrystallized AIBN
(m.p. 104-105°) to the reaction flask, removing the ben-
zene under reduced pressure and adding the desired amount
of freshly chromatographed indene. The flask was cooled
by Dry Ice and evacuated and filled with oxygen several
times. It was then placed in the water-bath and allowed
to come to thermal equilibrium. After a period of about
five minutes, shaking was commenced and the oxygen ab-
sorption followed by use of the gas buret.
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A method is described whereby the rate of decomposition of certain initiators can be determined from the rate of reaction

of appropriate aromatic hydrocarbons with oxygen.

The major limitation of this method is that the hydrocarbon must be

capable of forming a hydroperoxide of considerable stability at a temperature where the initiator has a half-life of only a few

hours.

Oxygen was found to have no effect on the rate of decomposition of «,a’-azodiisobutyronitrile in cumene or ethyl-

benzene solutions at 80° whereas the over-all rate of decomposition of benzoyl peroxide in cumene at 100° was retarded by

oxygen.
initiated by several free radical sources.

In connection with other work in this Labora-
tory! it was of interest to determine whether oxy-
gen affected the rate of decomposition of «,a’-
azodiisobutyronitrile (AIBN). This determination
is complicated by the reaction of oxygen with the
decomposition products? and with many of the con-
ventional free radical traps.?

This paper demonstrates how the rate of decom-
position of an initiator may be obtained from the
rate of oxidation of a hydrocarbon. Thisprocedure
has been to measure the rate of decomposition
of AIBN in cumene and ethylbenzene at 80° and
benzoyl peroxide in cumene at 100°.

The results indicate that the rate of decomposi-
tion of AIBN is not affected by the presence of oxy-
gen whereas oxygen retards the over-all rate of de-
composition of benzoyl peroxide.

Procedure.—The catalyzed oxidations of aralkyl
hydrocarbons, such as cumene, in the presence of
oxygen at about 760 mm. and 80-100°, yield hydro-
peroxides by the following reaction sequence*

ki
I —> 2¢R/’-

very fast
R 4+ O —————> RO,

B
ROy + RH —> ROH + R-

ks
2RO+ —> non-radical products

where R- and RO, represent alkyl and peroxy radi-
cals and e is the efficiency, which may vary from 0
to 1, of the initiator (I) in producing radicals (R'-)
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Relative initiation efficiencies can be calculated readily from the data obtained in the oxidations of a hydrocarbon

that start oxidation chains. The rate expression
expected from the above reaction sequence is

—d[O,]/dt = kske™-5[RH](2¢k;[I])0-5 (1)

Since the concentration of I at any time is [I]
exp (—£&;t), (1) can be written

—d[O]a/dt = keks™® S[RH](2¢k;[I]0)* exp (—kit/2) (2)

Provided that [RH] and e remain constant (2) can
be integrated but the resulting equation cannot be
solved easily for k. Therefore (2) was thus solved
in the following manner. A plot of the observed
rate of oxidation (A[O;]/A#) as a function of time
was made and a smooth curve drawn from which
the rate of oxidation at a given time could be read.
The log of the rate was then plotted as a function of
time since, if e and [RH] remain constant, it fol-
lows from (2) that the logy, of the rate as a function
of time should give a straight line having a slope of
—£i/2(2.303) and an intercept at zero time equal to
log A where

A = ksks™5 [RH] (2eki[1]4)°3

Decomposition of AIBN.—In Fig. 1 a plot of
oxygen absorption as a function of time is given for
the oxidation of cumene, originally 0.0094 M in
AIBN, at 80°. The purification of reagents and
the technique employed to measure the oxygen ab-
sorption have been described previously.* The
reported? half-life of AIBN in toluene at 80° in the
absence of oxygen is 1.2 hr. and the curve in Fig. 1
for the AIBN concentration has been calculated
from this value. In Fig. 1 the rate of oxidation
does not approach zero as the initiator concentra-
tion dinmiinishes to a very low value, presumably be-
cause of autocatalysis of the oxidation by cumene
hydroperoxide. Therefore (2) should be followed
only during the early stages of the oxidation when
the concentration of cumene hydroperoxide is
small and the concentration of AIBN large.
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Fig. 1.—Oxidation of cumene catalyzed by AIBN at 80°.

A plot of the log of the rate of oxidation of cu-
mene as a function of time (Fig. 2) gave a straight
line over the first half-life of AIBN. From the slope
of this line, —0.128 hr.~1, a value for % of 0.59
hr.=!is calculated. Values of k; between 0.59 and
0.61 were observed at other initial AIBN concen-
trations and other cumene concentrations (Table
I). The reported rate constants for the decompo-
sition of AIBN in the absence of oxygen are 0.60
hr.o—1 in toluene at 80.22 and 0.55 hr.~! in xylene at
80°.5

TaBLE I
OXIDATION OF CUMENE, ETHYLBENZENE AND TOLUENE AT
80°
Hydrocarbon [RH]* [AIBN)® kib Ac¢  ky(e/ke)0sd

Cumene 6.76 0.0094 0.59 0.241 0.34
Cumene 6.76 .0047 .59 .169 .35
Cumene 3.72° .0094 .60 . 134 .34
Cumene 3.72° .0047 .61 .098 .36
Cumene’ 6.60 .01025° .90 .228 .25
Ethylbenzene 7.66 .0094 .63 050 .062
Toluene 8.80 .0093 .72 012 012

@ Mole 1.71. ® From slopes in Fig. 2, hr.”!, ¢ From in-
tercepts in Fig. 2, mole 1.7thkr. "1, ¢ Mole=0.5109.5, k; taken
as 0.60 hr.~1, ¢ Bromobenzene diluent, 7 100°. ¢ Benzoyl
peroxide.

When the rate of decomposition of AIBN was
measured in oxidizing ethylbenzene at 80° several
of the complications present in the oxidation of
cumene were removed. Since the oxidation was
considerably slower, smaller amounts of hydroper-
oxide were formed and autocatalysis was no longer
troublesome. Moreover, the hydrocarbon concen-
tration was more nearly constant than in the cu-
mene oxidations. However, a correction was nec-
essary that could be ignored in the oxidation of cu-
mene. The amount of nitrogen evolved by the de-
composition of the azo compound was not insignifi-
cant when compared to the amount of oxygen ab-
sorbed in the oxidation of ethylbenzene and the ob-
served decrease in gas volume had to be corrected.

In Fig. 2 a plot of the log of the rate as a function
of time is shown for the AIBN-catalyzed oxidation of
ethylbenzene where a linear relationship was fol-
lowed up to 909, catalyst decomposition. The value
of k; calculated from the slope of this line is 0.63
hr.—L

(5) F.M, Lewis and M, S. Matheson, THIs JoURNAL, T1, 747 (1949).
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Fig. 2.—Log of the rate (inole 1.7! hr.71) as a function
of time for the catalyzed oxidation of cuinene and ethyl-

benzene: I, 6.8 3 cumene, 80°, [AIBN], = 0.0094 M,
X = 0; 11, 87 M cumene, 80°, [AIBN], = 0.0047 M,
X = 0.2; III, 7.7 M ethylbenzene, 80°, [AIBN], = 0.0094
M, X =0.6; 1V, 6.6 M cumene, 100°, [BP], = 0.01025 M,
X = —0.3.

Toluene was oxidized slowly at 80° in the pres-
ence of AIBN and its rate curve is open to consid-
erable doubt since a correction amounting to about
309% had to be applied to the change in gas volume
because of the nitrogen evolved in the decomposi-
tion of AIBN. The best straight line drawn
through a plot of the log of the rate as a function of
time gave a rather high value for %;, 0.72 hr.—1.

The conclusion that the presence of oxygen does
not influence the rate of decomposition of AIBN is
in agreement with the results of Hammond and
Boozer which demonstrate that the rate of produc-
tion of radicals from AIBN in chlorobenzene solu-
tion in the presence of oxygen is equivalent to the
maximum rate of production of free radicals from
AIBN in deoxygenated chlorobenzene solutions
containing iodine.®® It was demonstrated that
iodine does not affect the rate of decomposition of
AIBN, but from the results cited it cannot be
stated definitely that oxygen does not affect the
rate of decomposition of AIBN and that the frac-
tion of AIBN molecules that produce free radicals
upon decomposition is the same in the presence of
either oxygen or iodine. However, the present
results demonstrate that this is the case and that
the rate of decomposition of AIBN is the same
in the presence of either oxygen or iodine.

Decomposition of Benzoyl Peroxide.—The de-
composition of benzoyl peroxide (BP) in cumene
at 100° was also investigated. Here an appreciable
effect of oxygen on the rate of decomposition was
expected since BP is known to undergo an induced
decomposition reaction

R: + (R'COy)s —> R’'CO:R + R’COs-

Oxygen has been observed to retard the decomposi-
tion of BP in acetic anhydride solution” and the
possibility that oxygen can completely eliminate
induced decompositions (by converting alkyl to per-
oxy radicals) has been considered.®

A plot of the log of the rate of oxidation as a

(6) C. E. Boozer, G. S. Hammond, C. E. Hamilton and J. N. Sen,
ibid., 77, 3233 (1955).

(7) K. Nozaki and P. D. Bartlett, ibid., 68, 1686 (1946).
(8 J. L. Bolland, Trans. Faraday Soc., 44, 669 (1948).
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function of time for the BP-catalyzed oxidation of
cumene at 100° gave a linear relationship (Fig. 2)
over somewhat more than the first half-life of the
catalyst. Autocatalysisthen becameevident. The
rate constant for the decomposition of BP calcu-
lated from the slope of this line is 0.90 hr.—!. This
value of the decomposition rate constant is consid-
erably below the value of 1.35 hr.~! calculated
from the data of Barnett and Vaughan for the de-
composition of BP in cumene at 100° in the ab-
sence of oxygen.®

A comparison of the decomposition rate constants
of BP, as calculated from the data of other workers,
suggests that oxvgen may indeed completely elimi-
nate the induced decomposition reaction. Nozaki
and Bartlett attempted to separate the unimo-
lecular decomposition of BP from the induced de-
composition by a kinetic method.” Their results
indicate that the unimolecular reaction occurs at
the same rate in many aromatic solvents. A de-
coniposition rate constant for BP at 100° in the ab-
sence of induced decomposition of 1.53 hr.~1is sug-
gested. Hammond has eliminated the induced de-
composition of BP by the use of iodine as a radical
trap.® The rate constant observed in benzene so-
lution at 79° was 0.093 hr. !, which when corrected
to 100° (Eact taken as 33.3 kecal. mole %) gives a de-
composition rate constant of 1.39 hr.~!, Data on
the rate of decomposition of BP in dioxane solution
containing 3,4-dichlorostyrene as a radical trap
indicate a decomposition rate constant of 1.49
hr.—!at 100°.1

TaBLE [1

SUMMARY OF DECOMPOSITION RATE CONSTANTS FOR BEN-
ZOYL PEROXIDE

Caled.
Fact, k at
Temp., Rardical k, keal. 100°,
Solvent °C. trap hr.-1 mole-! hr -1 Ref.
Cumene 090 L. 0.420 3] 1.33 9
Cumene 100 Oxygen 90 . 0.0  Tlis work
Benzene 79.8 ... L118 33.3 1.53 7
Benzene 79 lodine L0493 33.3 1.39 10
Dioxane 80 3,4-Dichlnrn-
styrene L5l 31 1.490 11

(1947).

(10) G. S. Hammond, THIs Jorrr~aw, 72, 3737 (1¢30)

(11) C. G. Swain, W. H. Stockmayer and J. T. Clarke, ¢bid., 72,
5426 (1950).
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It is not understood why the "true” unimolec-
ular decomposition rate constant observed in
cumene solution at 100° is considerably below the
rate constants calculated for dioxane or benzene
solutions. Errors in the energies of activation em-
ployed may be involved or there may be a solvent
effect on the rate of the dissociation. The latter
seems likely since even the over-all rate of decomn-
position of BP in cumiene at 100° is below the rates
calculated for the dissociation step in benzene or
dioxane solutious at this temperature.

Initiation Efficiencies.—Some interesting cal-
culations of relative initiation efficiencies can be
made fromi the data of Table I in conjunction with
the data of Melville and Richards on the oxidation
of cumene.'> As mentioned previously, the inter-
cepts (4) of the straight lines of Fig. 2 are func-
tions of several rate coustants and the efficiency
of initiation. If the value of kks=%° is known
the efliciency of initiation can be calculated from
A, or if the value of %3479 is unknown, relative
initiation efficiencies may be obtained.

In this manner it is calculated that AIBN is 1.5
times as efficient as «,a’-azocyanocyclohexane!?
in initiating oxidation chains in cumene at 80°.
Moreover, the data indicate that at 100° BP is only
0.32 as efficient as «,«’-azocyanocyclohexane in
initiating oxidation chains. In the oxidation of
olefins not containing an aromatic nucleus BP is
usually found to be more efficient than azo com-
pounds as an oxidation initiator.® The low effi-
ciency calculated for BP in initiating the oxidation
of cumene may be connected with the fact that a
substantial decoutposition product of BP in cunene
arises froin substitution in the aromatic ring!* and
this process iay not lead to the initiation of an
oxidation chain.

In Table I values for ks(e/ks)%% are listed for
cumene, ethylbenzene and toluene. These values
are in agreement with the relative oxidation rates
obtained by other methods,* and probably involve
differences not only in %; but also in ks and e.
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