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Free-radical chain decomposition of ozone initiated
by di(zert-butyl) trioxide
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Di(zert-butyl) trioxide in a solution of CFCl; (Freon-11) at —23 °C exists in equilibrium
with the fert-butoxyl and tert-butylperoxyl radicals virtually without irreversible decomposition.
The above radicals decompose ozone to dioxygen with a high effective rate constant, which is
proprotional to the square root of the Bu'OOOBu' concentration. The kinetic scheme

describing the found relationships was proposed.
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The interaction of ozone with organic compounds
produces free radicals that actively react with both the
starting compound and ozone. The presence of free
radicals in the atmosphere is a factor stipulating the
formation and consumption of ozone, peroxides, and
peroxyl nitrates.!

The study of the reactivity of ozone toward free
radicals is important for revealing the nature of processes
involving ozone. The interaction of O3 with the radicals
has been studied for several gas phase?—4 and liquid
phase systems.5—? In the gas phase, the radicals were
predominantly generated by physical methods (radioly-
sis, photolysis), and in solution they were produced
chemically (the interaction of O3 with hydrocarbons and
hydroperoxides). Reactions in these systems are usually
characterized by a complex mechanism, which impedes
interpretation of the results.

In this work, di(zert-butyl) trioxide (DBO) was used
as the radical source, whose thermal decomposition in
an inert medium gives only peroxyl and alkoxyl radicals,
and this fact reduces to a minimum the contribution of
side reactions. The Bu'OOOBu' + O; system is also of
interest for understanding the mechanism of ButOOOBut
formation because the same reactions occur in the syn-
thesis of alkyl trioxides and their decomposition in the
presence of Os.

Experimental

Di(tert-butyl) trioxide was prepared by the ozonization of
sodium fert-butyl hydroperoxide in CFCly at —60 °C.10:11 The
concentration of DBO was determined by the !H NMR spectra
relatively to the signal of the standard (benzene). The products
of DBO decomposition were identified by 'H NMR and GLC
comparing with authentic samples. The decomposition products

f Deceased.

were analyzed by GLC. Freon-11 was treated with ozone,
washed with a solution of Na,CO;3, dried with anhydrous
MgSOy, passed through a column packed with activated Al,O35,
and distilled. The product was stored above active molecular
sieves 4 A.

The kinetics of O3 consumption was studied using the
spectrophotometric method by the absorbance at A = 310 nm
(e = 5443 L mol™! cm™!). CFCl; (1.8—1.4 mL) was placed into
a cell and cooled to —23 °C (the temperature was monitored by a
thermocouple). Then a 0.13 M solution (0.2—0.6 mL) of DBO
in CFCl5 was added with a cooled pipet. The solution was stirred
and saturated with a pre-cooled O3—0, (30 mL min™!) mixture
to the concentration [O3]; = 0.003—0.01 mol L~!. Then the
valves at the inlet and outlet of the cell were closed, and the
kinetics of O3 consumption in the solution was monitored.

NMR spectra were recorded on a Bruker AM 300 high-
resolution instrument. GLC analysis was carried out on a
Chrom 5 chromatograph (glass column, 200x0.3 ¢cm, XE-60,
flame-ionization detector, temperature of the column 50 °C,
temperature of the evaporator 150 °C, temperature of the
detector 200 °C). Electronic absorption spectra of ozone and
the products of ButOOOBu! decomposition were recorded on a
Specord M 40 instrument. Kinetic experiments were carried out
in a quartz thermostatted cell placed in the cell compartment of
an SF 26 spectrophotometer.

Results and Discussion

Over the whole range of the concentrations of O;
(0.5:1072—1.0- 1072 mol L71) and DBO (3.3-1073—
2.6 1072 mol L™!), the kinetic curves of O3 consump-
tion are well linearized in the coordinates of a first-order
reaction to the 85—90% conversion (Fig. 1). The effec-
tive rate constant of ozone consumption k. (—23 °C,
solvent CFCl3) depends on the initial DBO concen-
tration:

[Bu'OOOBu!] - 103/mol L™! 3.3 6.5 13.0 13.0 19.5 26.0
Kegp+ 104/s71 1.08 1.12 1.67 1.76 1.89 2.33
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Fig. 1. Kinetic scheme of O3 consumption (/) and its semi-
logarithmic anamorphosis (2) (=23 °C, [Bu!tOOOBu'], =
0.013 mol L™1),

The products of DBO decomposition were analyzed
when the reaction was carried out in two regimes. In the
first case, a solution of DBO in Freon-11 was saturated
with ozone to a concentration of ~1072 mol L~!, stored
at —23 °C to the complete decomposition of O3, and
heated to a room temperature. Then the reaction prod-
ucts were analyzed. In the control experiment, DBO was
decomposed under similar conditions, but without a
preliminary saturation of the solution with ozone. Analy-
sis of the reaction mixture showed a predominant amount
of tert-butanol, acetone, and di(zert-butyl) peroxi-
de. The composition and ratio of the products
(Bu'OH : MeCOMe : Bu'OOBuY) in the reaction mix-
ture after DBO decomposition with ozone saturation
(100 : 10 : 11) and in the absence of ozone (100 : 13 : 9)
virtually do not differ. The identical compositions of the
products obtained under different conditions indicate
that until O; is present in the reaction mixture, the DBO
decomposition products are virtually not formed.

Based on the published data5:12—15 and taking into
account the composition of the obtained products and
regularities of their formation, we can assume the
following sequence of reactions that occur in the
ButOOOBu!'—CFCl;—0j5 system:

ki
ROOOR RO’ + ROO", (1)
-1
RO" + 0; —> ROO" + 0,, (2a)
RO° ——> MeCOMe + Me, (2b)
RO+ R'H —> ROH +R’", (2¢c)

ROO" + 0; —> RO’ + 2 0,, &)

4, 2RO+ 0, (42)
2 ROO" —
L2 » ROOR + 0,, (4b)

where R is Bu!, and R’H are Bu'OOOBut and products
of its decomposition.

The direct reaction of ozone with DBO can be
neglected. In fact, in the presence of a 0.02 M solution
of di(tert-butyl) peroxide, whose C—H bond strength is
close to that in DBO, ozone is not consumed in a
solution of CFCl;. The control experiment showed that
the reaction products have no noticeable absorbance at
A = 310 nm. Hence, a change in the absorbance during
the process corresponds only to a change in the concen-
tration of Oj;. Thus, the primary reaction in the
Bu'OOOBu'—CFCl;—0; system is DBO thermal de-
composition to form the fert-butoxyl and tert-butylperoxyl
radicals, and ozone is consumed in subsequent radical
processes.

The decomposition of DBO in CFCl; at —23 °C has
the rate constant k,; = 7.4-1075 s 115 The inverse
reaction (—1), the recombination of the fert-butyoxyl
and fert-butylperoxyl radicals, is most likely activationless.
The rate constant of the diffusion-controlled process k_
was calculated by the Debye—Stokes—Einstein equation

ki = kp = (6/H(BRT/3000n),

which takes into account the correction to microfriction
fduring motion of the reactants in the solvent!® and the
probability of formation of a singlet radical pair ¢ = 1/4.
The fvalue was calculated by the equation

£=0.56[0.9 + 0.15(T — T)/(Ty — To)].

where T,, = —111 °C and T, = 23.8 °C are the tempera-
tures of CFClI; phase transitions. The viscosity values of
Freon-11 are 0.740 (—25 °C), 0.539 (0 °C), and 0.421 cP
(25 °C).17 Based on these data, the activation energy of
viscous flow is 1.66 kcal mol~!. Using this value,
we calculated n (=23 °C) = 0.720 cP and k_; =
3.4:10° L mol™! s71,

The products of reactions (2b) and (4b), namely,
acetone and di(zert-butyl) peroxide, respectively, are
present in amounts an order of magnitude lower than
tert-butanol (reaction (2c)); therefore, reactions (2b)
and (4b) can be neglected. Now we consider the com-
peting reactions of ButO* with Bu'tOO" (—1) and R'H
(2¢). In reaction (—1), the cross-recombination of the
radicals results in the formation of the DBO molecule.
In reaction (2c), alkyl radicals form, which rapidly
transform into the primary alkyl peroxyl radicals, whose
recombination occurs with diffusion rate constants. The
reaction rate of H atom elimination from the DBO
molecule (2¢) was estimated from the kinetic data ob-
tained for the interaction of the ferf-butoxyl radical
with the nonactivated methyl group at —23 °C18.19;
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logky, = 10.46 — 7.05/6, where 6 = 2.3RT kcal mol™!,
and, correspondingly, k), = 2-10* L mol~! s™!. The
ratio of the reaction rates (—1) and (2c) is expressed by
the following equation ([ButOOOBut] = 1072 mol L71):

w_1/Wye = (k—1/kz)([ButOO " 1/[ButOOOBu!]) =
= 1.7-107[ButOO].

To obtain the numerical value of the w_;/w,. ra-
tio, we need the absolute concentration of the fert-butyl-
peroxyl radicals in the reaction system. It follows from
the kinetic scheme of reactions (1)—(4) that the con-
sumption rate of ozone is determined by the equation

w(03) = —d[O;3]/dt = ky,[Bu'O][O3] + k3[Bu'OO"][O5]. (5)

Under steady-state approximation for [Bu'O'] and
[ButOO '], we can write

d[ButO"1/dt = k4+;[ButOOOBuU!] — ky,[ButO][05] +
+ k3[ButOO " ][O;] — k_[ButO"][ButOO"] +
+ 2kg,[ButOO " [[ButOO | = 0, (6)

d[ButOO "1/dt = k4 ,[ButOOOBu!] + ky,[Bu'O"][03] —
— k3[ButOO ' ][0;] — k_,[ButO"][ButOO "] —
— 2ky,[ButOO " |[But0O | —
— 2kgp[ButOO " ][ButOO "] = 0. 7)

The summation of Egs. (6) and (7) gives

[ButO "] = (k+{[ButOOOBu!] —
— kgp[Bu'OO " 2)(k_,[ButOO " )L, @®)

Subtracting Eq. (6) from Eq. (7), we obtain

kaal Bu'O " ][O3] — k3[Bu'OO " ][0s] —
— (kap + ks)[ButOO " |[ButOO"| = 0. ©)

Inserting Eq. (9) into (5), we have

d[05]/dt = 2k;[ButOO " [05] +
+ (kgy + kgp)[ButOO “][ButOO"]. (10)

The further insertion of Eq. (8) into (9) results in the
algebraic third-power equation with respect to [ButOO " ]:

k—y(kg + kygo)[Bu'OO " |* +
+ (ksk— + kyaksp)[O3][ButOO " |2 —
— ks kny[ O3] [BUtOOOBu!] = 0. (11

Using the values of ky,, k3, k4,, and kyy, (at =23 °C),
we can numerically solve Eq. (11) at constant
concentrations of O3 and Bu!OOOBut!. The rate
constant of fert-butylperoxyl radicals recombination
was calculated from the published data20: 2k, =
1.4 - 109%xp(—10200/(RT)) = 16 L mol~! s™!. Using the
ratio of the rate constants of chain propagation and
termination by the recombination of the fert-butylperoxyl
radicals k4,/ks, equal to 7,21 we obtained k4, = 14 and
kg, = 2 L mol™! s71. The k3 values were varied from 1
to 102 L mol™! s! (estimation from two tem-
peratures, according to the published data,5-8 gives
k3 ~1.0 L mol™! s71). Taking into account that the
methoxyl radical reacts with Oj in the gas phase by at

least two orders of magnitude more rapidly than the
methylperoxyl radical4 and accepting that this ratio re-
mains unchanged in a solution, we varied k,, from 102
to 10 L mol~! s!. Solution of Eq. (11) for —23 °C at
unchanged [Os] = 0.01 mol L™! and [ButOOOBu!] =
0.01 mol L™! over the whole range of k3 and k,, gives
one positive root. The obtained minimum and maximum
concentrations of peroxyl radicals are [Bu!OO'] =
1.5:1077 and 1.4+ 1075 mol L™!, respectively. Then the
ratios of reaction rates w_;/w,. are 2.5 and 250, respec-
tively, and the last value seems more probable. In addi-
tion, the DBO concentration remains almost unchanged
within the duration of kinetic experiment (~10% s) (see
below). This indicates a negligible contribution of reac-
tion (2c) to the total rate of consumption of the
tert-butoxyl radical. The ratio of transformation rates for
the Bu'OO " radicals w_;/wyy,, taking into account the
known values of [Bu!OO'] and [Bu'O°] equal to
1.5-107% and 1.5-107!! mol L7! and calculated by
Eq. (8), is 1.7+ 107 and 1.8 - 103, respectively. Therefore,
reactions (2c¢), (4a), and (4b) can be neglected, and
Egs. (8) and (9) are transformed into the form

k4+,[Bu'OOOBu!] = k_,[ButO"][But00 ],
Ky, [BUtO "] = k3[ButOO"].

Thus, the termination of kinetic chains occurs only
by the recombination of the peroxyl and alkoxyl radicals
to form DBO due to which its concentration remains
unchanged. The concentration of the ButOO " radicals is
determined by the equation

[Bu'OO | = {ky1kq(k—1k3)"'[ButOOOBu']}3,
and Eq. (10) is simplified
—d[03]/dr = 2(K,qkpak3[ButOOOBU!])*5[0;], (12)

where K., = kiy/k_y = 2.2-1074 mol L~!. At a con-
stant DBO concentration, the consumption of O3 should
occur according to a kinetic law of the first order with
the effective rate constant

kefr = 2(Keqkpaks[ButOOOBuU!])0, (13)

which is observed experimentally. The k. value should
linearly depend on the square root of the initial concent-
ration of ButOOOBu!, and this condition is also well
fulfilled in experiment (Fig. 2). In an additional experi-
ment we proved that the DBO concentration remained
almost unchanged in the time scale of kinetic experi-
ments (104 s). A solution of DBO was placed in a cell
cooled to —23 °C, saturated with ozone, and left to stay
for the time interval 1y, = In2/k4, ~10% s, during which
DBO should be decomposed by half. When the concen-
tration of O3 halved, the solution was again saturated
with ozone, efc. (Fig. 3). The regions of kinetic curves
where the concentration of O; decreases (shown in
Fig. 3) are well linearized in the coordinates of the first-
order kinetic equation. The effective rate constant of O4
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Fig. 2. Effective rate constant of O3 consumption (key) as a
function of the square root of initial concentration of
DBO (—23 °C).
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Fig. 3. DBO-initiated consumption of O3 (—23 °C,
[ButOOOBu!]y = 0.013 mol L™1!). Arrows indicate the instant of
periodical saturation of DBO with O3. I—IV are the numbers of
regions in the Kinetic curves.

consumption decreases insignificantly in each subse-
quent region:

Region of curve 1 11 111 v
kegr+ 1047571 1.76£0.06 1.54+0.03 1.31+0.01 1.24%0.05

Moreover, the concentration of Bu!OOOBu! in a
CFCl; solution also remains almost unchanged in the
absence of Oj. A solution of DBO was placed in a cell
cooled to —23 °C and left to stay for ~104 s, then the
solution was saturated with ozone, and the kinetics of its
consumption was recorded (Fig. 4). The k.¢ value deter-
mined by this method was (1.61£0.04) - 10=4 s~!, which
is close to that obtained under similar conditions without

[05] - 103

9 10 11 12 13 14 t+1073/s

Fig. 4. DBO-initiated O3 decomposition with preliminary stor-
age of the solution for 10* s without additional O; supply
(=23 °C, [ButOOOBut]; = 0.013 mol L™1).

preliminary storing of the solution (1.70£0.01) - 1074 s™1.
If DBO is consumed, kg calculated by Eq. (13) would
equal to 0.97-107% s (the product K.ky,k3
3.78 1077 L mol~! s72 necessary for calculation was
determined from the slope of the experimental plot of
kegr vs. [ButOOOBu!]0-5, see Fig. 2).

The observed phenomenon, somewhat unexpected at
first glance, is regular and can easily be explained. The
published kinetic data for DBO were obtained under the
conditions of its irreversible decomposition where the
active alkoxyl radicals that formed were removed from
the system by reactions with the solvent,22 radical ac-
ceptor, 15 or tert-butyl hydroperoxide.5-12 In the absence
of channels of irreversible radical decay, the Kkinetic
chains terminate by reaction (—1). Therefore, the DBO
concentration remains unchanged, and the peroxyl radi-
cal acts as a "trap" for the alkoxyl radical. When Oj is
added to this system, the peroxyl and alkoxyl radicals
react with them by reactions (2a) and (3) to be trans-
formed into each other. In essence, DBO acts as a
catalyst for chain decomposition of ozone and is not
consumed. Thus, one DBO molecule can lead to the
decomposition of a significant amount of O;.

The obtained kinetic data make it possible to esti-
mate the product of the rate constants for the reac-
tions of alkoxyl (2a) and peroxyl (3) radicals with
ozone ky,k3. Since Keqkyks = 3.78+1077 L mol~! s72
(see Fig. 2, Eq. (13)) and K,q = 2.2-107!4 mol L7,
then ky,k; = 1.7+-107 L? mol~2 s™2. Using the found
above value k3 = 1.0 L mol™! s7! for the rate constant of
the reaction of O3 with the tert-butylperoxyl radical
(=23 °C), we obtain k,, = 1.7+ 107 L mol™! s~1,

Taking into account the found k,, and k3 values, we
calculated the initial rates (mol L™! s7!) of reactions
(1)—(4), their ratios, and chain length v = wy,/w_y,
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which are in good agreement with the found experimen-
tal regularities.

Wi 7.4-1077 w3 5.6-1077
w_| 7.3-1077 Waa 4.4-1078
Woa 6.6-1077 Wap 6.2:-1079
Woe 7.8 10_10 W—I/W4b 120
Wya/Woe 840 v 0.9

The closeness of the calculated decomposition rates
of di(fert-butyl) trioxide to the oxyl and peroxyl radicals
and their reversible recombination confirms the experi-
mentally observed low rate of irreversible decomposition
of di(fert-butyl) trioxide. Side reactions (2¢) and (4b)
occur with negligible rates, which is illustrated by the
ratios w,,/wy. and w_;/wy,. It is of interest that the
calculated value of chain length is sufficiently low,
although up to twenty O3 molecules are consumed per
molecule of the irreversibly decomposed DBO. This
reflects the fact that the recombination of the radicals
involved in the chain decomposition of ozone results in
the regeneration of the initiator, viz., DBO. Under the
conditions of a low efficiency of free radical recombina-
tion (for example, in the upper atmospheric layers), we
can expect that the radical chain decomposition of O;
occurs with longer chains.

The significant thermal effect of reactions (2a) and
(3) and the fulfillment of the rule of spin conservation
can result in the formation of dioxygen molecules in the
excited singlet state !0,. To verify this hypothesis, we
attempted to detect IR chemiluminescence in the region
of 1000—1300 nm, which is characteristic of the emis-
sion from !0,.23 The detection was performed along
with passing an ozone—oxygen mixture (2 vol.% O3)
through a 0.2 M solution of di(tert-butyl) trioxide in
CFCl; (—10—0 °C) or adding a 0.1 M solution
(0.2—0.5 mL) of DBO to 2.5—2.8 mL of a solution of
O3 in CFCl;5 (~0.03 mol L~1). However, in both cases,
we failed to detect IR chemiluminescence, i.e., singlet
dioxygen is not formed in reactions (2a) and (3).

The data obtained give an insight into the mecha-
nism of formation of dialkyl trioxides by the low-tem-
perature ozonization of the potassium or sodium salts of
hydroperoxides.

This work was financially supported by the Federal
Target Program "State Support for Integration of High
School and Fundamental Science in 1997—2000."
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