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Physical Chemistry 
Induced decomposition of di(tert-butyl)trioxide 
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Thermal decomposition of di(tert-butyl)trioxide (ButOOOBu t) in a wide range of con- 
centrations was studied by visible and IR chemiluminescence. Induced decomposition of 
ButOOOBu t caused by its reaction with the peroxy radicals formed in the solvent (CH2CI2) 
was found and investigated. 
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Di(tert-butyl)tdoxide ButOOOBu t has been studied 
in a number of  works, l--41 Chemiluminescence (CL) in 
visible and IR regions accompanying the process of  
thermal decomposit ion of  ButOOOBu t was found. 4 The 
formation of  free radicals in this reaction was stud- 
ied 1,3,s and dependences of  the rate of  thermolysis of 
ButOOOBu t on temperatureL4 and the nature of  the 
solvent s were investigated. 

Thermal decomposit ion of  compounds containing a 
peroxide - - O - - O - -  fragment often proceeds via a ho- 
molytic mechanism. Free radicals formed in this case 
can react with the initial peroxide, accelerating its de- 
composition. This phenomenon is called induced de- 
composition, and it was observed in a large number of  
compounds .  Induced  decompos i t ion  of  peroxides,  
hydroperoxides, diacylperoxides, 7,8 and peroxy ethers 9 
has been well studied. Induced decomposition of cumyl 
hydrotrioxide in thermolysis has been observed.l~ 

In this work, induced decomposition of dialkyl- 
trioxides was first found and investigated by the example 
of di(tert-butyl)trioxide. 

Experimental  

Di(tert-butyl)trioxide (ButOOOBu t) was obtained accord- 
ing to a known procedure, 4 by ozonization of potassium and 
sodium salts of tert-butyl hydroperoxide in CH2Cl2 and CFCI 3, 
respectively, at -60 *C. Solutions of ButOOOBu t were stored 
in darkness in liquid nitrogen. ButOOOBu t and products of its 
decomposition were identified by the GC--MS technique and 
IH and 13C NMR spectroscopy. The concentration of 
ButOOOBu t was determined using triphenylphosphine 11 and 
from the IH NMR spectra. The kinetics of the decomposition 
of trioxide were studied using the CL decay in visible and IR 
regions 12 in the temperature interval -20.5--+17.0 ~ Meth- 
ylene dichloride (18--20 mL) was placed into a reactor of 
volume 50 mL, thermostated at a specified temperature, and 
then 0.25--2.0 mL of cold (-60 ~ solution of Bu~OOOBu t 
(0.01--0.2 mol L -t) was added. The concentration of trioxide 
in the reactor was varied in the range of (0.1--20.0). 10 -3 
tool L -I. According to volumetric data, ButOH, Me2CO, 
ButOOOBu t, and O 2 were found to be the products of the 
decomposition of ButOOOBu t. The temperature in the reactor 
was monitored using a thermoeouple. Temperature changes in 
the course of the decomposition did not exceed 0.3 ~ The 
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solvents (CH2Cl 2 and CFCI3) were purified according to the 
previousl~t described procedure. 1:! 

Results and Discussion 

The rate of  thermolysis of  ButOOOBu t over the 
whole range of  concentrations is well described by the 
first-order kinetic equation (the correlation coefficient 
of  semilogari thmic anarnorphose of  the kinetic curve 
r > 0.991): 

14/ = k�9 

Typical experimental  curves of a decrease in the CL 
intensity and their anamorphoses are shown in Fig. l. 
The /%fr values obtained in the regions of  both visible 
and infrared CL coincide within the limits of experi- 
mental error. 

The rate constant for thermolysis depends on the 
concentrat ion of trioxide (Fig. 2), which is evidence for 
the induced decomposi t ion of  ButOOOBu t. The order of 
the kinetics of  the induced decomposit ion of  peroxide is 
determined by the source of  radicals and the type of  the 
chain terminat ion reaction. The experimentally observed 
first-order kinetics are due to the reaction of  the radical 
of a solvent with the peroxide compound proceeding in 
the stage of  the induced decomposi t ion and to the cross- 
reaction of  the chain termination.  7 

Taken al together with the published data, 4,5,14-2z 
the obtained experimental  results suggest the mecha-  
nism of  the  induced  d e c o m p o s i t i o n  of  di ( ter t -  
butyl)trioxide (Scheme 1). 

Reaction (1) proceeds via a homolytic  mechanism, 
which is confirmed by both thermochemicat  calcula- 
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Fig. 1. Kinetic curves of the decrease in the CL intensity 
(1, 2) in the thermal decomposition of ButOOOBu t (0 ~ 
CHIC12 as the solvent, [ButOOOBut]0 = 3" 10 -3 tool L - l)  
and their semilogarithmic anamorphoses ( l ' ,  2"): t, visible 
CL, 2, IR chemiluminescence. 
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Fig. 2. Dependence of the effective rate constant for decom- 
position of ButOOOBu t in CH2CI 2 on its concentration (1, 
and {ButOOOBut] 1/3 (1", 2"): l, 1", visible CL, 0 ~ 2, 2', 
IR chemiluminescence, 10 ~ ,4 point corresponds to the data 
obtained in the presence of Et--CrH4--Pr i. 
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Scheme 1 

ButOOOBu t ~ ButO" + "OOBu t (1) 

ButO �9 + CH2CI 2 kla ~-- BuIOH + CHCI 2 (la) 

"CHCI 2 + 0 2 k-z= CI2CHOO" (2) 

CI2CHOO" + ButOOOBut k31 ButOO" + P3 

ButO0" + CI2CHO0" 

102 (hvn~) + P4~ 
\ 

C=O (hvvlS) + P4b 
k / 
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2 ButOO" 

(3) 

(4a) 

(4b) 

(4c) 

~ ButOOBu t + 02 (5a) 

2 But(3 . + 02 (5b) 

tions 4 and experimental  observation of the peroxyl and 
alkoxyl radicals by the ESR spectroscopy technique. 5 In 
addition to its participation in reaction ( la ) ,  the tert- 
butoxyl radical Me3CO" can either undergo 13-scission: 

Me3CO" klb-~ Me2C=O + "Me (lb) 

or abstract the H atom to form epoxide, tert-butyl 



886 Russ.Chem.Bull., VoL 46, No. 5, May, 1997 Khut~trt et aL 

alcohol, and peroxy radical analogously to the reaction 
of tert-butoxyl radical with di(tert-butyl)peroxideT: 

MesCO" + Me3COOOCMe 3 ~ Me3COO" + 

+ Me3COH + Me2%--/CH 2 
o ( i t )  

The rate constants of reactions ( l a ) ,  ( lb) ,  and ( l c )  at 
0 ~ were est imated using the published data. t4- t6  
According to this estimate, stage ( l a )  is the most prob- 
able reaction o f  consumption of  the oxyl radical under 
our  expe r imen ta l  cond i t ions .  The  co r respond ing  
pa rame te r s  o f  this stage a re :  k la  = 10 5 S - l ,  
[CH2CI2] = 15.6 mol L - l ,  kib ~ 104 L mol - I  s - l ,  
k i t  = 105 L tool - i  s - t ,  and [ButOOOButl  = (0.1--  
20 .0) .  10 - ]  tool L - I ,  whence  Wla/Wib ~ 102 and 
rc~g~ , '~  ~ 1 0 3 - i 0  s. 

[t was established using the [H N M R  spectroscopy 
that the reaction mixture contains no epoxide, while 
tert-butyl alcohol is a predominant  product. This is 
consistent with the assumption of  insignificant contribu- 
tions of reactions ( Ib)  and ( I t )  to the overall process of 
consumption of  tert-butoxyl radicals. 

Alkyl radicals rapidly (k 2 = 4 .7 .109 L tool - I  s - l )  t~ 
transform into peroxyl radicals in an O 2 atmosphere; 
therefore, reaction (2) is the only channel of consump- 
tion of  "CHCI 2. The CI2CHOO" radical can either 
induce the decomposi t ion of  trioxide (reaction (3)) or 
terminate the chain through cross-reaction (4). The 
recombination of  CI2CHOO" radicals was neglected, 
since the rate constant  of  cross-recombination is known 
to be close to the decay constant of  highly-active radi- 
cals in the case of the joint  decay of  peroxyl radicals that 
differ strongly in their  reactivity. 18-zQ According to 
Scheme 1, two peroxy radicals are formed, the rather 
inactive ButOO" for which 2k s = 1.5" 102 L tool - I  s - I  
(0 ~ n and C I 2 C H O O ' ,  activated by two Cl atoms. 
For the recombinat ion reaction of  radicals of  such type 
2~  = 108--109 L mol - I  s -~ (see Ref. 17). Hence,  
k 4 ~ 10 s L tool - I  s - l .  According to our estimates, 
[ B u t O O ' ] / [ C I 2 C H O O ' I  > 104, because of which the 
recombination of  CI2CHOO" radicals is negligible. 

Cross-recombinat ion of  peroxy radicals (see reaction 
(4)) results in the formation of  emitters of  luminescence 
in the visible and IR regions. This is confirmed by the 
absence of  CL in the inert solvents (CFCI 3 and CC14). 

The CL intensity is proport ional  to the rate of radia- 
tive deactivation of the emit ter  E*: 

! = 13kd[E'], (6) 

where 13 is the radiation yield; kd is the rate constant for 
deactivation E*, i.e., the sum of  the rate constant for 
radiative and that for radiationless deactivation. Apply- 
ing the quasi-steady-state principle to the concentration 
of  the emitter, we can write: 

d[E*I/dt = ak4[SOO'l[ButOO'l - kd[E*l = 0, (7) 

where ct is the exc i t a t ion  y ie ld  in r eac t i on  (4), 
SOO" = CI2CHOO' .  Combining Eqs. (6) and (7) and 
taking into account that 

/q[ButOOOButl = k4[SOO'I[B utOO'l,  (8) 

we get [ = a13kl[ButOOOBu t] or in the differential 
form 

dl/dt = a~k t �9 dIButOOOButl/dt. (9) 

Equation (9) shows that the CL method in the visible 
and IR regions can be applied to  studying the kinetics of 
reactions with part icipation of  ButOOOBu t. 

It is not completely clear  how reaction (3) proceeds. 
Taking into account that halogen-containing peroxyl 
radicals are strong one-e lec t ron oxidants, t7 we proposed 
the following mechartism: 

CI2CHO0' + ButOOOOu I ~ CI2CHO0- + [ElutOOOBut] ' + 

ButO + + ButOO" 

One of  the lone electron pairs of  the oxygen atoms 
can serve as an electron donor.  A decrease in kerr (see 
Fig. 2) is observed in the thermolysis  of  ButOOOBu t in 
the presence ofp-ethyl isopropylbenzene.  This compound 
is capable of  capturing ButO" radicals (according to the 
published data, t6 k ~, i06 L mol  - t  s - t )  and also acting 
as an electron donor to decrease the contr ibut ion of 
reactions (1) and (3) to the overall process. Thus, par- 
ticipation of  the C12CHOO ' radicals in the induced 
decomposit ion of di(tert-butyl)tr ioxide is confirmed ex- 
perimentally. 

The chain termination proceeds via reactions (4) and 
(5a), the former being predominant .  Using the k4, 2k5, 
and ButOO "] / [CI2CHOO']  values and taking into ac- 
count  that  ks/ksa = 7 (see  Ref. 23), we get 
WVWs~ ~ 102. 

It follows from Scheme 1 that  

-d[ButOOOBut]/dt = kl[ButOOOBut I + 

+ k3[SOO" ][ButOOOBut}. (10) 

Apply ing  the q u a s i - s t e a d y - s t a t e  p r inc ip l e  to 
[ButOO' l ,  we get 

- d [ B u t O O ' l / d t  = k I [ B u ~ B u  t] + 

+ k] [SOO' l [ButOOOBu t] - 

- /q[SOO'l[ButOO'] - 2 ksb[ButOO'l 2 = 0. (I t)  

Taking into account relation (8), Eq. (11) can be written as 

k3[SOO" ][ButOOOBu t] = 2ksb[ButOO']  2, ( t2) 

which reflects an obvious equality of  the rates of  the 
chain propagation. Combining Eqs. (8) and (12), we get 

[SOO'} = {2ksbk t2 / ( k3k4  2) " [ButOOOBut]} 1/3, 
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from whence, taking into account Eq. (10), the rate of 
consumption of trioxide is 

-d[ButOOOButl/dt = kl[ButOOOBu t] + 
+ k'[ButOOOBut]4/3. (13) 

Taking into account that W = /%ff[ButOOOBut], we get 

kcff = k I + k'[ButOOOBut]l/3, (t4) 

k' = (2k~2k32//q2)l/3. 

Equation (14) explains the experimentally observed 
dependence of ~ff on the concentration of di(tert- 
butyl)trioxide (see Fig. 2) and allows one to estimate 
the constant k3: 

Jq = k4~P/2/[a. (2k~,)~/21 . (15) 

Here a and b are the intercept on the ordinate axis and the 
slope of the dependence of/%a" on [ButOOOBut] 1/3, re- 
speetively. It was found  from Fig. 2 that a = 
(8.2• 10 "-3 s - t  (at 0 ~ and (1.3• 10 -2 s -I 
(at 10 ~ b = (2 .1+0 .4 ) -  10 -2 (L m o l - l )  I/3 s -L 
(at 0 ~ and (1 .0+0.4) ,10  - t  (L mol - l ) l /3"s  - l  (at 
10 ~ The 2ksb value was calculated using the published 
data: 21,23 2ksb = 1.3" 102 L mol -I  s -I  (at 0 ~ 
and 3.7.102 L mol - l  s - t  (at 10 ~ The rate con- 
stant k 4 seems to be slightly dependent on the tempe- 
rature. Assuming that  k 4 = 108 L mol -I s - t ,  
we obtained k 3 = 3.3" 106 L mol -I s - l  (at 0 ~ and 
1.3- 107 L mo1-1 s -I (at 10 ~ These k 3 values are in 
agreement with the mechanism of the one-electron oxida- 
tion of di(tert-butyl)trioxide by dichloromethylperoxyl 
radical proposed in this work. For this radical the rate 
constants of one-electron transfer for a series of organic 
substrates (with H20- -EtOH as the solvent at room tem- 
perature) are in the interval 8" 106--7 �9 l0 g L mol - t  s-l .  17 

The contribution of the reaction of the induced 
decomposition of ButOOOBu t to the total rate of the 
overall decomposition is relatively small, and the ob- 
served order with respect to the concentrat ion of 
di(tert-butyl)trioxide is nearly equal to unity. The tem- 
perature dependence  of kefr/s - i  was studied at 
[ButOOOBut] 0 = 2.5- 10 -3 mol L -t  (in the visible re- 
gion), when the induced decomposition of the latter can 
be neglected. 

T/*C -20.5 -15.2 - 1 0 . 5 - 5 . 3 - 0 . 9  4.3 10.3 17.2 
kef r- 103 0.55 1.26 2 .25 5.32 9.9521.0 51.7 96.0 

We obtained logkef r = ( 1 4 . 5 •  20.4+0.9)/0, 
where 0 = 2.3RT (kcal mol-L), r = 0.999. It was found 
previously 4 using the [R chemiluminescence method that 
tog(A/s -1) = 14.5+2.2; E a = 20.8+0.6 kcal mol - t ,  
[ButOOOBut]0 = 2.0- 10 -3 mol L -1. Thus, at low con- 
centrations of trioxide the rate constants of decomposition 
of ButOOOBu t determined by the CL method in the 

visible and IR regions correspond to reaction (I),  while 
the activation energy of the thermal decomposition corre- 
sponds to the O--O bond strength in di(tert-butyl)tri- 
oxide. 
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