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Chain decomposition of 2,4,6-trinitrotoluene in hydrocarbon solvents 

E E Dubikiiin,* E G. Matveev, and G. M. Nazin 

Institute of Chemical Physics in Chernogolovka, Russian Academy of Sciences, 
142432 Chernogolovka, Moscow Region, Russian Federation. 

Fax: +7 (096) 515 3588 

The rate constants for the thermal decomposition of 2,4,6-trinitrotoluene have been 
measured in toluene and other hydrocarbon solvents. The initial, observed rate constant (ki) 
increases with dilution with toluene. The concentration dependence is described by the chain 
decomposition scheme with the transfer of the free valence to a solvent molecule. The 
activation energy and Iogk i were found to linearly correlate with the dissociation energy of 
the C--H bond of the solvent. 
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The study of the decomposition of 2,4,6-trinitrotolu- 
ene (TNT) and other aromatic nitrocompounds in solu- 
tions aimed at elucidating the mechanism of the process 
and the reasons for a sharp increase in its rate in melt 
compared to that in the gas phase showed 1,2 that bimo- 
lecular reactions, which have been later interpreted 3 as 
stages of a chain process, play a substantial role in the 
liquid-phase decomposition of the majority of ortho- 
derivatives of  nitrobenzene. Therefore, when a solution - 
is diluted with an inert solvent, such as perfiuoro- 
naphthalene and perchlorobenzene, the overall rate of 
the decomposition of TNT decreases, approaching the 
reaction rate in the gas phase. 4 However, as has been 
shown previously, 3 the dilution with toluene does not 
result in a decrease in the decomposition rate of TNT 
and, by contrast, the rate increases. This fact was ra- 
tionalized in terms of the chain mechanism with the 
transfer of a free valence to toluene, which possesses a 
low-energy C- -H  bond, and involvement of this mole- 
cule in the chain decomposition reaction. This work 
performed a more detailed experimental study of  the 
decomposition of TNT in toluene and other hydrocar- 
bon solvents, especially in a low-concentration range 
and presents the model description of these reactions. 

Results and Discussion 

The kinetics of decomposition of TNT in solutions 
was studied by the manometric method on a high- 
pressure installation 3 at 200 and 240 °C. For toluene, 
the TNT concentrations ranged mainly from 0.07 to 
3 mol L -I  (or 0.7 to 50 mol. %), i.e., they covered the 
dilution at which the effect of toluene was pronounced)  
In other solvents, the measurements were carried out at 
0.5 to 2 tool. % TNT. In all cases, the reaction occurs 
with self-acceleration. The typical kinetic curves of gas 

release in toluene at 240 °C are shown in Figs. 1 and 2. 
The value of 100 in these figures corresponds to the melt 
of TNT. The calculations were performed using the 
first-order equation of autocatalysis 

drl/dt = ki(l - rl) + keatrl(l - rl), 

where rl = ( P t -  Po)I(P- - Po) is the degree of conver- 
sion (Pt and p .  are the current and final pressures, 
respectively, P0 is the pressure of the solvent vapor over 
the solution at the temperature of the experiment), k i 
and kea t are the observed first-order rate constants for 
the initial and catalytic stages, respectively. The true 
rate constant of autocatalysis can be obtained by divid- 
ing kcat by the initial concentration [TNT]0 expressed 

PIP, 

1.0 

0.8 

45 
0.6 6 

0.4 

]~ 1 6 0.2 

0 100 200 t/min 

Fig. 1. Kinetic curves of the TNT decomposition in toluene at 
240 °C. Figures at the curves designate concentrations of TNT 
in tool. %. The decomposition of TNT in toluene-CD3 is 
shown by the dotted line. 
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Fig. 2. Initial regions of kinetic curves of the TNT decompo- 
sition at 240 °C. Figures at the curves designate concentra- 
tions of TNT in mol. %. 

in tool L - i .  The P,o parameter depends strongly on 
dilution3; therefore, the reaction was carried out to 
completion in all cases, and the calculation was per- 
formed using the overal kinetic curve by the method 
described previously. 3 

The dependences o f  k i on [TNT] 0 in toluene at 200 
and 240 °C are presented in Fig. 3. At the T N T  concen-  
tration of  2 mol. %, the decomposit ion rate is three 
times higher than that obtained at [TNT] = 50 mol. % 
and it is ten times higher than that observed in a m e l t )  
The dependences o f  logkcat on Iog[TNT]0 are presented 
in Fig. 4. It is seen that in the catalytic reaction the first 
order with respect to T N T  is fulfilled over a wide range 
o f  [TNT10. In a dilute solution o f  toluene-CD3, the 
decomposit ion rate is lower than in ordinary toluene and 
also increases as [TNT] 0 decreases. The kinetic isotope 
effect o f  the solvent at [TNT]0 = 2 mol. % is equal to 
3.0 for k i and 1.68 for kca t. 

The Arrhenius dependences o f  k i in various solvents 
at [TNT] 0 = 2 tool. % for the temperatures of  200-- 
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Fig. 3. Experimental dependences of k i on [TNT]0 in toluene 
at 200 (I) and 240 °C (2). The solid line shows the caculation 
by Eq. (7). 
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Fig. 4. Dependences of logkca t on Iog[T'~T] 0 in toluene at 
240 (1) and 200 °C (2). 

240 °C are shown in Fig. 5. Each point in Fig. 5 was 
obtained by averaging the results o f  several (not less than 
three) parallel measurements. The kinetic parameters 
for k i calculated from Fig. 5 are presented in Table 1. 

The values o f  kca t are the same in all solvents, Eta t = 
130+7 kJ mo1-1, and logaca t = 10.35. 

An increase in k i with dilution with toluene is evi- 
dence o f  the solvent effect on the initial stage of  decom-  
position. This is also confirmed by the existence of  a 
deuterium isotope effect when the reaction is carried out 
in to luene-CD 3. In the case of  the T N T  melt, the initial 
stage was interpreted 3 as a chain nonbranched process 
involving "OH, PicCH2",  P i cCH20" ,  P i c ' ,  P i c O ' ,  and 
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Fig. 5. Arrhenius plots of k i for the decomposition of TNT in 
dilute (2 tool. %) solutions of diphenylmethane (1), m-xylene 
(2), toluene (3), naphthalene (4), in melt of TNT (5), and in 
benzene, hexachlorobenzene, and perfluoronaphthalene (6). 
Constant k I (7) is calculated taking into account reactions 
(1)--(6). Decomposition of TNT in the gas phase 4 (8). 



Chain decomposit ion o f  T N T  in hydrocarbon solvents Russ. Chem. BulL, Vol. 45, No. 8, August, 1996 1877 

Table I. Kinetic parameters of the TNT decomposition in 
solutions (initial stage) 

Medium E i Iog(A-g's -I)  ki tel 
/ k J  mol  - I  at 240 *C 

Melt 159.0 10.40 1 
Diphenylmethane 139.2 10.40 100 
m-Xylene 146 10.37 18.6 
Toluene 151 10.51 8.1 
Chloroform 156 10.26 1.3 
Benzene 162.2 10.39 0.46 
Perchlorobenzene 159.7 10.30 0.64 
Perfluoronaphthalene 160 10.11 0.39 

other free radicals. All these radicals can detach easily a 
hydrogen atom from toluene or other solvents with low- 
energy C - - H  bonds and transfer thereby the free valence 
to the solvent. Then the general scheme of  the initial 
chain decomposit ion of  T N T  in solutions (which takes 
into account  the scheme suggested ~ for the melt) will be 
as follows. 

T ~ R" + Pl (1) 

R" + T ~  R" + P2 (2) 

R' + LH ~ RH + L" (3) 

L" + T ~  LH + R" (4) 

R" + M ~ P5 + M (5) 

R" + R" ~ R--R (6) 

Here T is TNT;  R" are free radicals (generally speaking, 
they can be different, bat with similar reactivities); LH 
is the solvent; M are the products of  the T N T  decomposi- 
tion, which quench R" radicals; PI, P2, and P5 are the 
gaseous decomposi t ion products. Stages (1) and (2) are 
not elementary processes. The elementary reactions in- 
volved and the structure of  R" have been discussed 
previously. 3 

The solution o f  the system of kinetic equations de- 
scribing this scheme under quasi-steady-state conditions 
with respect to R" and L, neglecting the contribution of  
several insignificant stages, results in the following ap- 
proximate expression for ki: 

k2T0 k2r0 k3 fl  - 
(7) 

where T O is the concentra t ion of  T N T  in the melt and C 
is the molar  fraction of  T N T  in the solution. The proc- 
essing o f  the experimental data for the T N T  melt gave 
the fo l lowing  values3: k I = 7.47" 10 -6 s -1 and 
k2To/ksM = 48.6. Taking into account  these values, the 
experimental data on dilution (see Fig. 3) at k3,,'k 2 = 
0.27 can be described well by dependence (7), which 
testifies to an approximately fourfold increase in the 
efficiency of  the interaction o f  R" on going from T N T  

to toluene. This is explained by possible reactions of  R- 
with T N T  involving not only C - - H  bonds, but the nitro 
groups as well. An increase in k i with dilution occurs 
due to the involvement in the decomposition process of  
a second channel of  the chain propagation, which com-  
petes with termination reactions. The replacement of  
primary O-centered radicals, which cannot react with 
TNT at nitro groups, by C-centered radicals of  the 
solvent reacting with T N T  at N - - O  and C - - H  bonds 
also plays a significant role. At low TNT concentrations, 
the accuracy of  the description of  the initial process by 
Eqs. (1)--(6) decreases, and the experimental points 
deviate from the theoretical dependence (see Fig. 3). 

Unlike ki, kca t is independent of  the TNT concentra-  
tion and the solvent type. Thus, the acceleration stage is 
not associated with the development of  chain processes 
and is a normal autocatalytic reaction. 

The observed activation energy for k i c a n  be obtained 
from the formula 

RT 2 dk i 
E i -  k i dT" 

The existence of  stage (3) suggests that E i depends 
on the C - - H  bond dissociation energy in the solvent. In 
fact, after differentiating Eq. (7) by T under the condi- 
t ions o f  suff iciently great  di lut ion,  i.e., when 
k2To/ksM >> 1 and ks / k zC  >> 1, a rather simple depen- 
dence E i = E l + E 3 - E 5 can be obtained. Then, 
expressing E 3 through the heat of  reaction (3) Q3 ac- 
cording to the Semenov--Polany equation, E = a + 
bQ3 , and expressing Q3 through the enthalpies of  forma- 
tion of  LH, L ' ,  and D(C--H)  in LH, we obtain the 
linear relationship 

E i = c~ + !3D(C--H). (8) 
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Fig. 6. Dependence of E i on D(C--H) of the solvent: 
diphenyhnethane (1), ra-xylene (2), toluene (3), chloroform 
(4), and benzene (5). 
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Fig. 7. Dependences of Iogk i on D(C--H) at 200 °C (a) and 
240 *C (b) in various solvents: diphenylmethane (1), m-xylene 
(2), toluene (3), chloroform (4), and benzene (5). 

Dependence  (8) agrees with the exper imenta l  data 
(Fig. 6) ( the publ ished 5 values of  D ( C - - H )  have been 
used) 

E i = (107.3+1.3) + (0.12+0.003)D(C--H) (kJ mol - l )  

and can be used for the de te rmina t ion  o f  D ( C - - H )  on 
the basis o f  the  measurements  of  E i. This can be done 
more  p rec i se ly  f rom the  d e p e n d e n c e  o f  logk i on 
D ( C - - H )  presented in Fig. 7 

Iogk i = 10.35 - [ ( 1 0 7 . 3 + 1 . 3 )  + 

+ (0.12+O.O03)D(C--H)]/2.3RT. (9) 

At 240 °C 

Iogk i = -(0.605+0.04) - (0.0122+0.0001)D(C--H), 

and at 200 °C 

Iogk i = -(1.505::1:0.04) - (0.0133+0.0001)D(C--H), 

where D ( C - - H )  is expressed in kJ mol - I .  
Thus,  the results of  the present  work not only  con-  

firmed the chain scheme of  the T N T  decompos i t ion ,  but 
they also allowed one to suggest a new method  for the 
de te rmina t ion  of  the C - - H  bond energy in hydrocarbons  
and their  haloderivatives. This method  can be probably 
applied to alcohols,  ethers, esters, and some o ther  com-  
pounds,  in which the de tachment  o f  a hydrogen a tom is 
a sole react ion with free radicals. At the  accuracy of  
measurement  of  k i of  20 %, the error  in de te rmina t ion  
of  D ( C - - H )  will be +6.7 kJ mol - l .  C o m p o u n d s  with 
C - - H  bonds of  the same type or  in which the weakest  
C - - H  bond differs from the others  by ~16 kJ mol - t  
are appropr ia te  for the  de te rmina t ion  of  D ( C - - H )  by 
Eq. (9). 
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