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INITIATION MECHANISM OF TNT: DEUTERIUM ISOTOPE 
EFFECT AS AN EXPERIMENTAL PROBE 

Suryanarayana Rulusu and Joseph R. Autera 

Energetic Materials Division 
Large Caliber Weapon Systems Laboratory 

ARDC, Dover, New Jersey 07801 

ABSTRACT 

A large deuterium kinetic isotope effect in the 

thermal decomposition of methyl deuterated 2,4,6-trini- 

trotoluene (TNT-a-d3) has been confirmed and tested for 

its possible influence on the shock sensitivity and deto- 

nation velocity. A comparison of the exploding foil shock 

sensitivity tests and miniature detonation velocity 

measurements performed on TNT-a-dg and two differently 

prepared control samples of unlabeled TNT showed that the 

former was significantly lower in sensitivity as well as 

detonation velocity. These results indicate that the 

rate-determining steps in the controlled condensed phase 

decomposition and in the chemical mechanism of initiation 

and detonation are likely to be the same. 
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INTRODUCTION 

The p r e c i s e  chemica l  s t e p s  involved  i n  t h e  i n i t i a t i o n  of a n  

e x p l o s i v e  t o  d e t o n a t i o n  have always d e f i e d  d i r e c t  e x p e r i m e n t a l  

s tudy  due  t o  t h e  i n h e r e n t l y  v i o l e n t  n a t u r e  oE t h e  p r o c e s s i .  Models 

f o r  d e t o n a t i o n  c h e m i s t r y ,  t h e r e f o r e ,  have been g e n e r a l l y  based upon 

o b s e r v a t i o n s  of m i l d e r  d e g r a d a t i v e  methods such  as  thermal  d e c o r  

p o s i t i o n i  S 2 .  One such  example is t h e  r e c e n t  s t u d y  of t h e  t h e r -  

mochemical decomposir ion of l i q u i d  TNT ( 2 , 4 , 6 - t r i n i t r o t o l u e n e )  by 

Shackel ford3  e t  a1 i n  which t h e  rate d e t e r m i n i n g  s t e p  was i d e n t i -  

f i e d  as the methyl  C-H c l e a v a g e  by a pr imary  deuter ium i s o t o p e  

e f f e c t  i n  t h e  m e t h y l - d e u t e r a t e d  (TNT-a-d3) sample. While i t  repre-  

s e n t s  a n  e l e g a n t  method t o  r e c o g n i z e  t h e  r a t e - d e t e r m i n i n g  s t e p  i n  

t h e  o t h e r w i s e  complex c h e u i s t r y  of  TNT decomposi t ion ,  it raises t h e  

q u e s t i o n  of t h e  r e l a t i o n s h i p  of t h i s  mechanism t o  t h e  i n i t i a t i o n  

p r o c e s s  of TNT. The p r e s e n t  work is a n  a t t e m p t  t o  answer t h i s  

q u e s t i o n  by an e x t e n s i o n  of t h e  d i a g n o s t i c  i s o t o p e  e f f e c t  s tudy  t o  

t h e  e x p l o s i v e  p r o p e r t i e s .  P r e l i m i n a r y  r e s u l t s  i l l u s t r a t i n g  t h i s  

n o v e l  approach  w i t h  methyl -deutera ted  TNT are r e p o r t e d  here .  Two 

p a r a m e t e r s  r e p r e s e n t i n g  t h e  d e t o n a t i o n  p r o c e s s ,  namely, shock sen-  

s i t i v i t y  and d e t o n a t i o n  v e l o c i t y  of TNT-a-d3 were determined.  A 

d e c r e a s e  i n  bo th  parameters  was observed  r e l a t i v e  t o  two d i f f e r e n t  

c o n t r o l  samples  of normal TNT s u g g e s t i n g  a n  i n f l u e n c e  of deuter ium 

k i n e t i c  i s o t o p e  e f f e c t  i n  t h e  r a t e - c o n t r o l l i n g  s t e p  on t h e  i n i t i a -  

t i o n  p r o c e s s .  
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EXPERIMENTAL 

Test Samples 

TNT-a-d3 (TNT-2) was o b t a i n e d  in 80% y i e l d  by n i t r a t i o n 4  of  

toluene-a-d3 w i t h  HN03 and H2S0,, and w a s  r e c r y s t a l l i z e d  from 95% 

e t h y l  a l c o h o l .  Two d i f f e r e n t  c o n t r o l  samples ,  TNT-1 and TNT-3, 

were prepared  by r e c r y s t a l l i z i n g  m i l i t a r y  g r a d e  s u l f i t e  t r e a t e d  and 

u n t r e a t e d  samples ,  r e s p e c t i v e l y ,  from 95% e t h y l  a l c o h o l .  All t h r e e  

samples had similar p a r t i c l e  s i z e  d i s t r i b u t i o n  (average  p a r t i c l e  

s i z e :  390-460 microns; 85X of  c r y s t a l s  were between 100-1000 

microns in s i z e )  and gave the same m.p. ( 8 2 O C ) .  The TNT-a-d3 was 

found by mass s p e c t r o m e t r y  t o  b e  97.5% i s o t o p i c a l l y  pure. 

Shock S e n s i t i v i t y  

The shock s e n s i t i v i t y  of each sample was de termined  by t h e  

exploding  f o i l  method o f t e n  employed in th i s  l a b o r a t o r y  and de- 

s c r i b e d  i n  d e t a i l  i n  t h e  l i t e r a t u r e 5 p 6 .  B r i e f l y ,  the method con- 

s ists i n  a p p l y i n g  i n c r e m e n t a l  h i g h  v o l t a g e ,  h i g h  c u r r e n t  p u l s e s  

f rom a c a p a c i t o r  t o  1 m i l  aluminum f o i l  which i n s t a n t l y  v a p o r i z e s .  

The expanding g a s  from t h i s  d r i v e s  a 2-mil mylar f l y e r  f i l m  t o  

impact  the e x p l o s i v e  sample p r e s s e d  i n t o  a steel  washer t o  a known 

d e n s i t y ,  c o n s t a n t  i n  a g i v e n  se r ies  of tests. A s t ee l  w i t n e s s  d i s k  

is used t o  de te rmine  i f  t h e  sample h a s  de tona ted .  T h i s  t e s t  was 

performed on t h e  t h r e e  samples  of  TNT i n  t h e  o r d e r ,  TNT-1, TNT-2, 

and TNT-3 w i t h  t h e  middle  one b e i n g  TNT-a-d3 in o r d e r  t o  avoid  

s y s t e m a t i c  e r r o r s .  The r e s u l t s  a r e  summarized i n  Table-1 and it 

s h o u l d  be  noted t h a t  h i g h e r  f l y e r  v e l o c i t i e s  cor respond t o  lower 

s e n s i t i v i t i e s .  
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Minia ture  Detonation Ve loc i ty  Test 

The p r i n c i p l e s  and d e t a i l s  of t h e  s t anda rd  de tona t ion  v e l o c i t y  

t e s t s  of exp los ives  a r e  desc r ibed  elsewhere i n  the  l i t e r a t u r e 7 .  In 

t h e  p re sen t  min ia tu re  t e s t s '  samples of TNT were pressed  i n t o  0.2" 

d i a .  x 0.375" long p e l l e t s  a t  a p re s su re  of 11,000 p s i  ( d e n s i t y ,  

1.5 g /cc)  and loaded i n t o  b r a s s  tubes  0.201" i.d. x 1" 0.d. x 1.5" 

long. Six i o n i z a t i o n  v e l o c i t y  p ins  were spaced 0.15" a p a r t  and 

i n s e r t e d  through ho le s  d r i l l e d  on t h e  s i d e s  of t h e  b ra s s  tubes.  

The p in  d i s t a n c e s  were measured by a t r a v e l l i n g  microscope a c c u r a t e  

t o  0.0001 inch. The propagat ion  t i m e  of t h e  de tona t ion  wave ( i n i t -  

i a t e d  by a Reynolds PE-2 EBW detonator ')  was measured by a Bioma- 

t i o n  8100 t r a n s i e n t  d i g i t a l  recorder .  

Table-1. Miniature Detonation Ve loc i ty  and Exploding F o i l  Shock 
S e n s i t i v i t y  Measurements of TNT-1, TNT-2 (TNT-a-d3), 
and TNT-3 

Shock S e n s i t i v i t y b  ( F l y e r  
Detonation Veloc i ty  f o r  50% F i r e )  

Sample 
V e  l o c i  tya  (Based on 25 t e s t s  each) 
(mmlvsec) ( mm / u s e c )  Std. Dev. 

TNT-1 ( c o n t r o l )  6.371 3.381 0.127 

TNT-2 ( TNT*-d3 ) 6 .I45 

TNT-3 ( c o n t r o l )  6.491 

3.681 0.155 

3.237 0.170 

aDens i t i e s  of p e l l e t s ,  1.5 f 3.01 g /cc ;  e r r o r  l i m i t ,  in v e l o c i t y  
measurement = 0.008 m m / u s e c .  

bDensity of pressed  samples,  1.54 g / cc  (50 mg ea . ) ;  s tandard  devi- 
a t i o n  es t imated  by Rruceton Method'. 
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RESULTS AND DISCUSSION 

The e x i s t e n c e  of k i n e t i c  i s o t o p e  e f f e c t  i n  t h e  thermal  decom- 

p o s i t i o n  of TNT-u-d3 was f i r s t  confirmed by a d i f f e r e n t i a l  s c a n n i n g  

c a l o r i m e t r y  experiment  i n  which t h e  decomposi t ion  exotherm appeared  

24' h i g h e r  t h a n  f o r  normal TNT a t  a h e a t i n g  rate of 10°/min. The 

shock s e n s i t i v i t y  and d e t o n a t i o n  v e l o c i t y  v a l u e s  f o r  TNT-2 (TNT-a- 

d 3 ) ,  shown i n  Table-1, i n d i c a t e  a small but  d e f i n i t e  d e c r e a s e  rela- 

t i v e  t o  t h e  c o n t r o l  samples. For  example, t h e  o r d e r  of magnitude 

of t h e  d i f f e r e n c e  i n  s e n s i t i v i t y  is the same as t h a t  between Class 

A RDX, Comp B ,  and PETN'. It is ,  t h e r e f o r e ,  c o n s i d e r e d  tha t  t h i s  

d i f f e r e n c e  i n  s e n s i t i v i t y  r e p r e s e n t s  a s i g n i f i c a n t  t r e n d  even 

though small i n  magnitude, and a p a r a l l e l  d r o p  i n  d e t o n a t i o n  veloc-  

i t y  f u r t h e r  s u p p o r t s  t h i s  c o n c l u s i o n .  

I f  t h e  pr imary bond-breaking s t e p s  of  t h e  shock i n i t i a t i o n  

p r o c e s s  are t h e  same as i n  t h e  slow thermal decomposi t ion,  one  

would i n t u i t i v e l y  e x p e c t  a drop  i n  s e n s i t i v i t y  due t o  t h e  pr imary 

deuter ium i s o t o p e  e f f e c t  on the ra te  c o n t r o l l i n g  s t e p .  The complex 

n a t u r e  of t h e  d e t o n a t i o n  chemis t ry  p r e c l u d e s  a q u a n t i t a t i v e  esti- 

mate of change i n  s e n s i t i v i t y  based on t h e  k i n e t i c  i s o t o p e  e f -  

f e c t .  The d e t o n a t i o n  v e l o c i t y  of TNT-a-d3 was compared w i t h  t h a t  

of t h e  normal TNT on t h e  assumption t h a t  i t  i s  a f u n c t i o n  of t h e  

r a t e  of release of energy which i n  t u r n  i s  dependent  on t h e  ra te  of 

t h e  c r i t i c a l  r e a c t i o n s  s u b j e c t  t o  k i n e t i c  i s o t o p e  e f f e c t .  The 

t r e n d  h e r e  a l s o  s u g g e s t s  a n  i s o t o p e  e f f e c t  and  a s lowing  down of 

t h e  o v e r a l l  ra te  of r e a c t i o n  which d r i v e s  t h e  d e t o n a t i o n .  
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The proximity of the CH3 amd NOp groups in TNT causes a hydro- 

gen rearrangement ("ortho-effect") in the photochemical" and elec- 

tron impactii decomposition giving the &-nitro isomer and the (M- 

OH>+ ion, respectively. Evidence was also found by ESCA studyL2 

for a hydrogen rearrangement in the TNT photolysis. Formation of 

4,6dinftroanthranil and 2,4,6-trinitrobenzylalcohol among the 

condensed phase thermal decomposition productsi also clearly 

indicates a similar step. The primary kinetic isotope effect, 

observed in both the decay and the induction period kinetics of the 

same by Shackelfordj et al, strongly suggests that benzylic C-H 

bond rupture was the critical rate-determining step. The same work 

also revealed an unidentified product during the induction period 

having a profound catalytic effect on the rate. 

The present work on shock initiation of TNT-a-d3 suggests that 

the same benzylic C-H rupture is likely to be the rate determining 

step in the chemistry of the initiation process. Further confirma- 

tion of this similarity is being sought in the work currently in 

progress by attempting to detect and identify any possible cata- 

lytic product or an intermediate radical species from the C-H bond 

rupture under a sub-Initiation threshold shock. However, the ob- 

served deuterium kinetic isotope effect on the shock sensitivity 

and detonation velocity of TNT does indicate an essential simllari- 

ty of the fast reacticn mechanisms under the influence of a shock 

t o  those of controlled thermal decomposition in the condensed 

phase. In contrast, it is interesting t o  note that, in their work 
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on gas  phase l a s e r p o w e r e d  homogeneous p y r o l y s i s  of z - n i t r o t o l u e n e  

and o t h e r  o r tho - subs t i t u t ed  a romat ic  n i t r o  compounds, Lewis, 

McMillen, and Golden14 found t h a t  t h e  k i n e t i c s  correspond t o  a 

predominant C-N02 bond s c i s s i o n .  
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