
Photodecomposition of Energetic 
Nitro Compounds 

J. C. Mialocq 

March 14, 1989 

operated by 
EGgG MOUND APPLIED TECHNOLOGIES 
P.O. Box 3000, Miamisburg, Ohio 45343-0987 

for the 

Contract No. DE-AC04-88DP43495 
U. S. DEPARTMENT OF ENERGY 



Photodecomposition of Energetic 
Nitro Compounds 

J. C. Mialocq 

March 14, 1989 

Translated from Journal de Physique, 48:9, C4-163-C4-178 (1 987). 

MOUND 

operated by 
EGzG MOUND APPLIED TECHNOLOGIES 
P.O. Box 3000, Miamisburg, Ohio 45343-0987 

e* 
for the 

Contract No. DE-AC04-88DP43495 
U. S. DEPARTMENT OF ENERGY 

1 



TRANSLATION : 

Mialocq, J .  C .  : PHOTODECOMPOSITION OF EhERGETIC NITRO COMPOUNDS. (Photod6- 
composition des  compos& n i t r g s  6nerg6t iques.)  
No. 9 (supplement),Colloquium C4, pp. C4-163 t o  C4-178, September 1987. 
CEN Saclay, IRDI, 91191 Gif -sur-Yvet te ,  France,  

JournaZ de Physique, Vol. 4 8 ,  

Abstract. - The photodecompos-i tion o f  energetic ni trocompoundr 
depends on the excitation energy, the light intensity which 
determines the mono-, bi- o r  multiphotonic character o f  the 
initial process and their gaseous, liquid or solid state. The 
initial processes o f  the photodecomposition o f  nitromethane 
and nitroalcanes are reviewed and their relevance to the 
initiation o f  energic nitrocompounds detonation is discussed. 
The case o f  nitramines (dimethylnitramine and tetryl) is also 
br ief 1 y i ntroduced . 

1. INTRODUCTION 

The s tudy  of t h e  photodecomposition of e n e r g e t i c  molecules  i s  u s e f u l  

f o r  understanding t h e  mechanisms of i n i t i a t i o n  of t h e  decomposition r e a c t i o n s  

of exp los ives  a t  e levated tempera ture  o r  under t h e  e f f e c t  of a shock wzive. 

Monochromatic l i g h t  e x c i t a t i o n  in e f f e c t  makes i t  p o s s i b l e  t o  b r ing  t h e  

molecules  from a known fundamental v i b r a t i o n a l  and e l e c t r o n i c  state t o  a 

wel l -def ined exci ted v i b r a t i o n  s ta te  whose development is, i n  p r i n c i p l e ,  

p o s s i b l e  t o  desc r ibe .  Understanding d i s s o c i a t i o n  processes  is  more d i f f i c u l t  

i n  polyatomic molecules than i n  d ia tomic  ones,  however, because of t h e  

g r e a t e r  number of v i b r a t i o n a l  deg rees  of freedom. I n  a d d i t i o n ,  knowing t h a t  

t h e  e x c i t a t i o n  energy of a molecule  is  g r e a t e r  than  t h e  t h r e s h o l d  of d i s s o c i a t i o n  

does  not  a l low u s  to conclude t h a t  t h i s  molecule is going t o  d i s s o c i a t e ,  
1 

s i n c e  w e  do not  a priori  know t h e  coord ina te  of t h e  r e a c t i o n  and how t h e  

errergy w i l l  be exchanged between t h e  v i b r a t i o n  modes. 

I n  this review, w e  s h a l l  a t t e m p t  t o  present  t h e  r ecen t  s i g n i f i c a n t :  r e s u l t s  

on t h e  photodecomposition of some explos ives .  For example, t h e  p h o t o l y s i s  of 
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ni t romethane ,  t h e  simplest member of t h e  n i t r o p a r a f f i n  f a m i l y ,  i s  s t i l l  riot 

understood i n  s p i t e  of t h e  many s t u d i e s  done s i n c e  t h e  h i s t o r i c a l  works of 

H i r sch la f f  and Norr i sh  [l]. 

which w e  s h a l l  examine t h e  case of n i t r amines ,  is  a l s o  q u i t e  complex [ 2 ] .  

The photo lys i s  of o t h e r  n i t r o  compounds, among 

2. PHOTODECOMPOSITION OF NITROMETHANE 

We s h a l l  d i s t i n g u i s h  t h e  c a s e  of t h e  gas  phase,  where t h e  ni t romethane 

molecule  undergoes processes  c h a r a c t e r i s t i c s  of t h e  i s o l a t e d  molecule ,  and 

t h e  case of t h e  condensed phase,  where t h e  processes  may be  more complex. 

2.1.  - W Photo lys i s  of Gaseous Nitromethane 

S i n c e  1936 113 ,  s t u d i e s  on t h e  continuous p h o t o l y s i s  of ni t romethane 

based on t h e  a n a l y s i s  of t h e  end products  have g e n e r a l l y  l e d  t o  comparisons 

wi th  thermal  decomposition. 

primary process  : 

A number of r e a c t i o n s  have been proposed as t h e  

2.1.1. Cleavage of t h e  C-NOz Bond 

Observing t h e  formation of small amounts of methyl n i t r i t e  during t h e  

pho to lys i s  of nit romethane g a s ,  Pimentel  and Rollefson 131 concluded t h a t  

t h e r e  w a s  c leavage  of t h e  C-NO2 bond, followed by recombinat ion i n t o  CH3NO2* 

o r  CH30NO*, t h i s  l a t t e r  t h e n  d i s s o c i a t i n g  t o  y i e l d  CH3O and NO r a d i c a l s .  

The C-NO2 c leavage  had been proposed back in 1950 by C o t t r e l l  and Reid i n  

t h e  thermal  decomposition of nitroniethane [ 4 ] .  This  c leavage  w a s  subsequently 

considered the main primary process  of t h e  W pho to lys i s  of ni t romethane gas  
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[5-221. But rearrangement processes  could be involved t o  a lesser ex ten t .  

According t o  Honda e t  a l .  [ll], a t  313 nn  the  quantum y i e l d  of React ion (1) 

i s  0.6 v i a  t h e  exc i ted  t r i p l e t  s t a g e  (n-n*) wi th  an energy g r e a t e r  t han  3 . 4  e V .  

I n  a d d i t i o n ,  S p e a r s  and Brugge est imated t h e  v i b r a t i o n a l  popula t ions  of t h e  

NO2 fragment i n  a laser- induced f luo rescence  (LIF)  microsecond experiment,  

by e x c i t i n g  t h e  ni t romethane a t  252.2 nm and t h e  NO2 f ragment  at  505 & [ 1 4 ] .  

I R  chemiluminescence of t h e  NO2 fragment showed them that the v3 mode w a s  

h ighly  exc i t ed  [15],  According t o  Haugen and Steinmetz [16 ] ,  t h e  NO2 fragment 

does n o t  form when ni t romethane is exc i t ed  a t  249 nm i n  t h e  n + 8* t r a n s i t i o n ,  

a t  l o w  pres su re  and i n  a defocussed beam. N O 2  appears ,  on t h e  o t h e r  hand, 

a f t e r  e x c i t a t i o n  a t  1 9 3  nm i n  t h e  7~ + IT* t r a n s i t i o n .  Likewise,  t h e  s tudy 

by Kwok e t  a l .  [ 1 7 ]  on t h e  photodissoc ia t ion  of CH3NO2 a t  266 nm i n  a 

molecular j e t  i n d i c a t e s  t h a t  t h e r e  is no d i s s o c i a t i o n  i n  t h e  absence of 

c o l l i s i o n .  Schoen et a l .  [18], moreover, analyzed t h e  k i n e t i c s  of NO2 fo r -  

mation and found t h a t  t h e  d i s s o c i a t i o n  is accomplished i n  less than  f i v e  

picoseconds,  with a quantum y i e l d  of 0.70 a t  264 nm. A t  193 m,  t h e  e f f i c i e n c y  

of t h e  d i s s o c i a t i o n  w a s  amply confirmed, s i n c e  t h e  quantum y i e l d  is  1 i n  a 

molecular j e t  119; and some of t h e  i n t e r n a l  energy of t h e  fragments  is  t h e  

e l e c t r o n i c  energy of t h e  exc i ted  state 2 B 2  of N02*, observed i n  f luo rescence  

[19, 201. 

The l a w  of conserva t ion  of energy i n  e f f e c t  a l lows  us t o  write t h e  r e l a t i o n :  

= h3 + E. - D (R - NO2) = E= + ET + Ey + ER %ail int 

is t h e  sum of t h e  energy of t h e  w c i t a t i o n  a v a i l  where t h e  a v a i l a b l e  energy E 

photon and of t h e  i n t e r n a l  energy of t h e  molecule E minus t h e  d i s s o c i a t i o n  

energy of t h e  R-NO2 bond, D(R-NO2) = 60.1 kcals/mol.  The a v a i l a b l e  energy 

i n t  ’ 
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l nc ludes  t h e  e l ec t ron ic ,  t r a n s l a t i o n a l ,  v i b r a t i o n a l ,  and r o t a t i o n a l  ene rg ie s  

of t h e  fragments  t h a t  B u t t l e r  et  a l .  were a b l e  t o  measure 1201. 

I n  a d d i t i o n ,  they demonstrated t h a t  t h e  d i s s o c i a t i o n  took place before 

t h e  r e l a x a t i o n  of NO2 by t h e  a l k y l  group,  s i n c e  after l i g h t  e x c i t a t i o n  l o c a l -  

ized on N02, t h e  f luorescence  spectrum of N02* d id  not  depend on  t h e  n a t u r e  

of t h e  a l k y l  group [20] .  - 

I n  t h e  v i c i n i t y  of 266 nm, t h e  e f f i c i e n c y  of d i s s o c i a t i o n  becomes a 

source of c o n f l i c t ,  w i t h B u t t l e r  et al. [20] est imat ing t h a t  t h e  quantum y i e l d  

of d i s s o c i a t i o n  w a s  less than  0.03 i n  t h e  s tudy  by Kwok et a l .  [17], whi le  

Gialocq 2.nd Stephenson [24, 251 found a y i e l d  of (0.17 f 0.11) and showed 

t h a t  t h e  d i s s o c i a t i o n  y i e l d  d id  no t  depend on t h e  n a t u r e  of t h e  a l k y l  group 

(R = CH3, C2H5, 1 -- C3H7 and 2 -- C3H7. The d i s s o c i a t i o n  k i n e t i c s  (<6 psec)  

t h a t  t hey  observed, l i k e  t h a t  obtained by Schoen et a l .  [ 181, is i n  agreement 

wi th  t h e  r a t e  cons tan t  t h a t  they  c a l c u l a t e d  according t o  t h e  RRKM theo ry ,  

w i t h i n  t h e  limits of trsnporal r e s o l u t i o n :  k = 4 . 8  x 10I2 sec", o r  7 = 0.21 psec.  

Qu i t e  r e c e n t l y ,  Greenbla t t  et a l .  [26]  d id  n o t  observe t h e  p o d u c t i o n  of 

t h e  NO2 fragment f o r  a ni t romethane e x c i t a t i o n  a t  282 nm. It t h e r e f o r e  s e a s  

t h a t  a t h re sho ld  of c leavage of t h e  C-NO;! bond i s  involved toward 38,000 cm'l : 

w e  must t a k e  i n t o  account t h e  energy of t h e  e x c i t a t i o n  photon and t h e  i n t e r n a l  

energy of t h e  ni t romethane,  which is d i f f e r e n t  i n  a c e l l  and i n  a molecular  

j e t .  

d e t e c t i o n  f o r  NO2 than  f o r  OH, which has  been observed, moreover, i n  v e r y  low 

concen t r a t ions .  

Table  1. 

But o t h e r  f a c t o r s  may play a r o l e ,  such as t h e  lower s e n s i t i v i t y  of 

We have summarized t h e  quantum y i e l d s  of NO2 format ion  i n  
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I‘ TABLE 1. QUANTUM Y I E L D S  OF FRAGMENT F O W T I O N  
I N  THE W PHOTOLYSIS OF C H 3 N 0 2  GAS ( I N  %). 

1 OH HNO 
N02 A( nrn ) 

313 60 C 1 1 3  eoc113 
202 0 (261 0,5-2*C261 
266 < 3 c203 

0.4 (273 (17211) C253 
264 70 C181 
193 100 C 1 9 3  

*In n i t roe thane ,  n i t ropropane ,  and t e r t - n i t r o b u t a n e .  

2.1.2. In t ramolecular  Rearrangements 

In t ramolecular  e l imina t ion  r e a c t i o n s  invo lve  a r i n g  w i t h  f o u r  o r  f i v e  

s i tes  [members?] i n  t h e  case of ni t romethane [I,  81 and t h e  h igher  n i t r o a l k a n e s  

[6, 211: 

This  r e a c t i o n ,  proposed i n  1936 by Hirsch la f f  and Norr i sh ,  i s  no longer  of 

more than  h i s t o r i c a l  i n t e r e s t ,  s i n c e  i t  is HNO which i s  e l imina ted  [ 8 ] ,  i n  

React ion ( 3 ) .  

h S  
CH3N02 d CH20 + HNO (3 )  

h v  
C2H5N02 d C2H4 + HONO ( 4 )  

The appearance of t h e  OH spectrum immediately a f t e r  t h e  e x c i t a t i o n  l e d  

Napier and Norr i sh  t o  propose t h e  p h o t o l y s i s  of a ni t romethane isomer 1103: 

5 



The quantum y ie ld  of Reaction (3) would be 0.2 a t  313 nm according t o  

Honda e t  a l .  [ll], v i a  t h e  lowest exc i t ed  s i n g l e t  s ta te  (n-n*). 

W i t t i g  et a l .  [21] showed that 2-nitropropane e x c i t e d  a t  222,  2 4 9 ,  or 308 

m yie lded  OH r a d i c a l s  as  w e l l  as t h e  more important n i t r o u s  a c i d  r a d i c a l  

HONO, v i a  a five-membered r ing .  

o r  may arise from t h e  decomposition of HONO when i t s  excess energy is  

48 kcals/mol.  I n  addition;the [HONO]/[N02] r a t i o  i n c r e a s e s  by a f a c t o r  of 

2 when t h e  e x c i t a t i o n  wavelength goes from 222 to 308 mi: t h e  e l h i n a t i o n  

of HONO is  i n  e f f e c t  t h e  most exothermic process  [21] .  

The OH r a d i c a l  ( x 2 s )  may be  produced d i r e c t l y  

CH hS 3, 

CH3 

CH - NOil -> C3H6N0 + OH 
/ 

3, CH + NO + OH 
hS CH 

/"" - - 
=H3 

CH 3, h 3  =n3, 
CH - NO2 
/ 

CH3 

(7) 

The quantum y i e l d  of OH formation a t  266 nm is (0.004 f 0.001) i n  t h e  

absence of c o l l i s i o n  [27], but a t  282 nm t h e  formation of OH, which occurs  

e f f i c i e n t l y  i n  n i t roe thane ,  n i t ropropanes  , and t e r t - n i t r o b u t a n e ,  does no t  

come i n t o  p l a y  i n  the  case of ni t romethane according t o  Greenb la t t  e t  a l .  [ 2 6 1 ,  

s i n c e  t h e  p a r t i c i p a t i o n  of a five-membered r i n g  is  necessary  and proven by 
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t h e  format ion  of OH and not  of OD from CH3CD2N02. 

fo rmat ion  a r e  low, however (0.5-2%) 2261. 

The quantum y i e l d s  of 

2.1.3. Production of C N ,  C 2 ,  CH,  and NC) Fragments 

A t  h i g h  laser i n t e n s i t y ,  Haugen and Steinmetz demonstrated t h a t  CN,  C 2 ,  

and CH f ragments  form i n  consecut ive  abso rp t ion  processes  a t  193 nm [16], 

and t h e  in t e rmed ia t e  s t ages  pass through CH2 o r  CH3 [22]. 

f luence  cond i t ions ,  NO fragments are a l s o  observed [ 231. 

Under t h e s e  h igh  

2.2. W Photo lys i s  - of Nitromethane i n  t h e  Condensed Phase - 
Brown and Pimentel E281 showed that the photo lys i s  of ni t romethane i n  a n  

argon m a t r i x  of 20 K yielded methyl n i t r i t e  by cage recombination of CH3 and 

NO2 f ragments  [ 3 ] .  

n i t r i t e  [ 6 ,  291, and i n  a ma t r ix  of water o r  carbon t e t r a c h l o r i d e  a t  77 K ,  

t h e  EPR s p e c t r a  of NO2 and CH3 were observed a f t e r  p h o t o l y s i s  of CH3N02  [30]. 

The e f f e c t  of oxygen on t h e  y i e l d  of methyl  n i t r i t e  was i n t e r p r e t e d  as proof 

of t h e  e x i s t e n c e  of an w c i t e d  s ta te  l a s t i n g  long enough t o  r e a c t  w i t h  t h e  

oxygen [ 2 9 ] .  Nitrosomethane is  a l s o  formed i n  s i g n i f i c a n t  p ropor t ions  1291. 

I t  is t h e  r e s u l t  of secondary r e a c t i o n s :  

In t h e  l i q u i d  phase as w e l l ,  t h e  main product i s  methyl 

CH3 + NOe 
.+ -> CH ON0 ->CH30 + NO 3 

-> CH NO 3 CH3 + NO . 

-> CH 0 + CH NO 
3 3 

CH3 + CH NO 

React ion  (ll), posed as an  hypothes is  by Cundall e t  a l .  [29 ] ,  i s  considered 
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I - '  

by Tran-Dinh-Son and Sut ton  as playing a ve ry  important r o l e  [31] .  

au thors  determined t h e  quantum y i e l d  of t i t rome thane  decomposition a t  253.7 nm -- 
9 > (0.22 5 0.03) -- from t h e  quantum y i e l d s  of format ion  of t h e  main products ,  

CHQONO, HCHO, CH3NO,  N 2 ,  N O ,  and N20.  

These 

- 

Faus t  et a l .  obtained an absorp t ion  spectrum i n  t h e  picosecond laser 

p h o t o l y s i s  of l i q u i d  ni t romethane a t  266 nm; t h e  i n c r e a s e  i n  t h i s  spectrum 

had not  stopped a f t e r  1 3  nanoseconds [32].  

c r o s s  s e c t i o n  of NO2 is  low, t h e s e  au tho r s  a t t r i b u t e d  t h e  abso rp t ion  t o  N 0 2 ,  

and they  explained t h e  formation k i n e t i c s  by t h e  e x i s t e n c e  of a precur so r :  

Although t h e  e f f e c t i v e  abso rp t ion  

t h e  ni t romethane t r i p l e t  o r  an  isomer such as t h e  aci- form a l r eady  proposed 

by Napier and Norr ish [ l o ] .  
Qu i t e  r e c e n t l y ,  another  product -- nit rosomethanol  CH2 (N0)OH -- w a s  

de t ec t ed  by Jacox 1331 using IR spectroscopy,  i n  t h e  photodecomposition of 

ni t romethane i n  an argon ma t r ix  a t  14 K. F i n a l l y ,  Engelke et al. [ 3 4 ]  used 

I3C-NMR t o  show that t h e  UV i r r a d i a t i o n  of ni t romethane produces t h e  aci- ion ,  

whi le  no d e t e c t a b l e  q u a n t i t y  of methyl n i t r i t e  w a s  observed. 

form aci- 

2.3. - W Photo lys i s  of Nitromethane S o l u t i o n  

The r e a c t i v i t y  of n i t r o a l k a n e s  exc i t ed  i n  UV l i g h t  is modif ied a l i t t l e  

i n  d i l u t e  s o l u t i o n .  

a l coho l s ,  RNOqH* r a d i c a l s  are produced i n  React ion (12) 135, 361: 

I n  s o l v e n t s  which r e a d i l y  g i v e  up a hydrogen, such as 

RNOz+ + R ' H  -> RNO H + R *  z 

8 



I n  aqueous s o l u t i o n ,  t h e  pho to lys i s  of ni t romethane o r  n i t r o e t h a n e  g i v e s  
- 

t h e  EPR spectrum of t h e  R N 0 2 -  r a d i c a l  an ion ,  but  t h i s  spectrum i s  more 

i n t e n s e  in  a b a s i c  medium, necessary  f o r  n e u t r a l i z i n g  t h e  conjugated a c i d  

F&02H [ 3 7 ] .  I n  cyclohexane a l s o ,  t h e  e x c i t e d  N02* group t a k e s  a hydrogen 

from t h e  so lven t  [38,  391. Jaros iewiez  et a l .  1401, however, b e l i e v e  t h a t  

t h i s  p rocess  i s  n e g l i g i b l e  ( o= ca. 

t h e  C-N bond. The r o l e  of t h e  so lven t  is nonethe less  impor tan t ,  s i n c e  i ts  

p o l a r i t y  and i t s  p o l a r i z a b i l i t y  are manifested i n  t h e  cage e f f e c t  which l e a d s  

t o  t h e  recombination of t h e  CH3 and NO2 r a d i c a l s ,  i n  compet i t ion  wi th  t h e  

c r e a t i o n  of s t a b l e  products  [40]. 

photodecomposition should t h e r e f o r e  be less than  in t h e  gas phase [ 4 0 ] ,  

i n  comparison w i t h  t h e  c leavage  of 

I n  s o l u t i o n ,  t h e  quantum y i e l d  of CH3NO2 

2.4. Multiphotonic Pho to lys i s  I n f r a r e d  Light ,  in t h e  Gas Phase 

With t h e  development of lasers d e l i v e r i n g  high luminous i n t e n s i t i e s  i n  

They showed t h e  i n f r a r e d  r eg ion ,  many I R  pho to lys i s  experiments were done. 

t h a t  t h e  molecules  could d i s s o c i a t e  i n  t h e  absence of c o l l i s i o n ,  a f t e r  having 

s to red  t h e  v i b r a t i o n  energy by absorbing a l a r g e  number of IR photons. 

t h e  case  of ni t romethane g a s ,  N O z ,  CH, CN, C2, OH, 02, and NH fragments w e r e  

observed i n  f luorescence  a f t e r  e x c i t a t i o n  of t h e  v7 (921 cm-l) and v i 3  modes 

(1097 an-') (41-443: 

In 

The mul t iphotonic  I R  d i s s o c i a t i o n  of CH3N02 produces NO2 fragments i n  

t h e  fundamental  e l e c t r o n i c  state which Avouris et a l .  1441 analyzed i n  laser- 

induced f luo rescence  (LIF) .  But they  a l s o  observed t h e  direct  f luo rescence  

of e l e c t r o n i c a l l y  exc i ted  NOp* f ragments  r e s u l t i n g  from a v i b r a t  ion-e lec t ronic  
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energy t r a n s f e r  (V -F E) [44] .  According t o  these  au tho r s ,  CN* f ragments  

could be produced from a very  organized exc i ted  s t a t e  of C H 3 N 0 2  i n  React ion (13) : 

nh 3 
CH3N02 - > CN + H20 + OH (13) 

o r  from a s e q u e n t i a l  e x c i t a t i o n  with t h e  in te rmedia te  CH3NO r e s u l t i n g  - f r o n  

t h e  c leavage  of an  NO bond ( 7 2  kcals/mol).  

bimolecular  r e a c t i o n s  [44] .  

f ragments  is mult iphotonic  i o n i z a t i o n  spectroscopy of t h e  N 0 2 ,  which proves 

t h e i r  ro t . a t iona1  e x c i t a t i o n  [45, 461. 

t h e  r e l a x a t i o n  l eads  t o  a high t r a n s l a t i o n  energy of t h e  fragments  [46].  

Qu i t e  r e c e n t l y ,  Wodtke et  a l .  a l s o  observed CH3O and KO f ragments  a r i s i n g  

from t h e  d i s s o c i a t i o n  of t h e  very  hot  isomer CH30NO of n i t romethane ,  ob ta ined  

by mul t iphotonic  I R  e x c i t a t i o n  i n  a molecular j e t  [47, 481. These au tho r s  

measured t h e  f l i g h t  times [sic;  l i f e t i m e s ?  -- TP. Ed.] of t h e  i o n s  coming 

from t h e  s p e c i e s  NOp,  C H 3 ,  NO, and C H 3 0 ,  which they ion ized  by e l e c t r o n  

impact. They thus  determined t h e  t r a n s l a t i o n  energy p r o b a b i l i t y  d i s t r i b u t i o n  

of t h e s e  fragments.  For CH3 and N 0 2 ,  t h e  r e s u l t s  show t h a t  t h e r e  is a s imple 

c leavage  wi thout  any e x i t  energy b a r r i e r ,  and a low t r a n s l a t i o n  energy. With 

r e s p e c t  t o  t h e  NO fragment,  t h e  r e s u l t s  showed t h a t  two r e a c t i o n  pathways 

are involved:  Reaction (l), s i n c e  t h e  i o n i z a t i o n  of NO2 l e a d s  t o  t h e  NO+ i o n ,  

and Reac t ion  (14) of nitromethane i somer iza t ion ,  followed by d i s s o c i a t i o n  (15) 

of t h e  methyl  n i t r i t e ,  whose i n t e r n a l  energy is  s u f f i c i e n t  : 

CH* and C2* f ragments  r e s u l t  from 

Another method of analyzing t h e  NO2 and C H 3  

Rockney and Grand t h u s  concluded t h a t  

1 0  



The peak of t h e  HCO+ i on  coming from the CH3O fragment shows t h a t  t h i s  

l a t te r  h a s  a high t r a n s l a t i o n  energy, which t h e s e  au tho r s  explained by t h e  

r e a c t i o n  pathway (14)-(15). The branching r a t i o  of React ions (1) and (14) is  

k14/kl = 0.6, i n  favor  of (I). 

p e t i t i o n  w i t h  Reaction (1) , React ion  ( 4 ) ,  whose a c t i v a t i o n  energy i s  45 kcals/mol,  

For n i t r o e t h a n e ,  they  showed that i n  com- 

l i b e r a t e s  a s t rong  t r a n s l a t i o n  energy from t h e  products  C2H4 and HONO. For 

2-ni t ropropane,  they  a r r i v e d  a t  t h e  same conclus ion ,  i . e . ,  t h e  e x i s t e n c e  of 

React ion ( 8 ) ,  and t h e  branching r a t i o  of React ions (1) and (8) i s  ks /k l  = 0.5, 

i n  favor  of  t h e  C-N cleavage. 

Wodtke et  a l .  ca l cu la t ed  t h e  energy of t h e  p o t e n t i a l  b a r r i e r  of t h e  

process  of CH3N02 i somer iza t ion  ; it  is between 51.5 and 55.5 kcals/mol.  

energy of t h e  b a r r i e r  f o r  t h e  process  of HONO e l imina t ion  is (46 -+ 1.5) 

kcals /mol  f o r  n i t roe thane ,  and 3-5 kcals/mol lower f o r  2-nitropropane. 

t h e s e  two compounds, they noted t h e  absence of t h e  process  of i somer i za t ion  

and format ion  of alkoxy r a d i c a l s  and NO [48 ] .  

The 

In 

The mul t iphotonic  I R  i o n i z a t i o n  of ni t romethane is a l s o  p o s s i b l e  , but  

i t  r e q u i r e s  a much higher energy (11.3 eV) than  t h a t  needed for d i s s o c i a t i o n  

[491* 

3 .  KINETICS OF DISSOCIATION OF THE C-N BOND 

Rockney et a l .  [46] c a l c u l a t e d  t h a t  i t  would t a k e  20 photons a t  9.6 urn 

(R(20) r a y  of t h e  C 0 2  laser) ,  a t  an  energy of 3.08 kcals/mol,  t o  br ing  a 

molecule of CH3N02 above t h e  th re sho ld  of d i s s o c i a t i o n  (Eo = 58.8 kcals/mol).  

The RRKM t h e o r y  makes it  p o s s i b l e  t o  c a l c u l a t e  t h e  rate of d i s s o c i a t i o n  of a 
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molecule exc i ted  above t h e  threshold  of d i s s o c i a t i o n  E Q .  Measurement of t h e  

Energie- n exces Constante d vitesse Duree d e  v i e  Reference 
(cm f ,  (a) t Si-', (b) (Ei) ( c )  

979 1.66 x 10; 6,03 x 101: (463 
2 057 1 , 7 1  x loe 5.85 x (461 
3 154 8 ,82  x lo9 1.13 x (461 
4 211 3.16 x lolo 3.16 x (461 
7 695 3.3 x IOl2 390 x (481 
16 813 4.8 x 10 2.1 x 1 0  (253 

J 

d i s s o c i a t i o n  times between 1 and 100 nanoseconds g i v e s  t h e  ra te  cons tan t  of 

d i s s o c i a t i o n  k(E*) ,  which makes i t  p o s s i b l e  t o  deduce t h e  excess energy E* and 

then  t h e  energy (E*-Eo) which w i l l  be  d i s t r i b u t e d  i n  t h e  degrees  of freedom 

of t h e  fragments .  In  the  RFXM theo ry ,  t h e  model t a k e s  i n t o  account t h e  
~ 

"ac t iva t ed  complex" o r  "cr i t ical  molecular  conf igura t ion" .  Rockney et  a l .  

t hus  found 14 v i b r a t i o n  f r equenc ie s  -- t h o s e  of CH3N02,  among which t h e  

C-N e longa t ion  v i b r a t i o n  d i sappea r s  and s i x  o t h e r  v i b r a t i o n s  are weakened, 

They obta ined  an  Arrhenius cons tan t  of A = 1.5 X 10l6 see" a t  900 K and 

1.9 x 10I6 sec" at 1,400 K. The RRKM ra te  cons t an t s  which they  c a l c u l a t e d  

f o r  1-4 excess  I R  photons are g iven  i n  Table  2 1461.  

TABLE 2. RATE CONSTANTS AND LIFETIMES CALCULATED FOR THE 
DISSOCIATION OF C H 3 N 0 2 ,  AS A FUNCTION OF THE EXCESS ENERGY 
ABOVE THE DISSOCIATION THRESHOLD. KEY: (a )  excess 
energy, c m - l ;  (b) ra te  c o n s t a n t ,  sec''; and (c) l i f e t i m e ,  sec. 

F o r s t ' s  approach, on t h e  o t h e r  hand, does no t  r e q u i r e  knowing t h e  v i b r a t i o n  

~ 

f r equenc ie s  of t h e  reactant CH3N02,  nor t h o s e  of t h e  t r a n s i t i o n  s ta te  [51]. 

I Mialocq and Stephenson a l s o  used t h e  F o r s t  equat ion  

12 



where A, and Em a r e  the Arrhenius parameter and a c t i v a t i o n  energy, and N(E) 

and N(E - E,) are t h e  d e n s i t i e s  of s t a t e  of t h e  r e a c t a n t ,  which can  be calcu-  

l a t e d  from t h e  v i b r a t i o n  f r equenc ie s  according t o  t h e  Whitten-Rabinovitch 

method. With Am = 1.78 x 1 O I 6  sec'l, E = 37,594 cm'l, and E, = 20,778 cm'l, 

they  found kl6, 813 cm-l = 4.8 x 1 0 ' 2  sec-l, o r  a l i f e t i m e  of 0 . 2 1  psec [25], 

The v a l u e  of A, i s  subjec t  t o  argument, however, s i n c e  t h e  e x c i t a t i o n  energy 

is  g r e a t l y  over  t h e  threshold.  

[48] g i v e s  a l i f e t i m e  of 30 psec f o r  an excess  energy of 7695 cm'l. 

l a t te r  v a l u e s  are a l s o  shown i n  Table 2 ,  f o r  comparison. We see that t h e  

va lues  c a l c u l a t e d  by Miaiocq and Stephenson f o r  a monophotonic luminous 

e x c i t a t i o n  a t  266 nm are i n  good agreement w i t h  t h e  k i n e t i c s  of formation of 

t h e  NO2 fragment [18, 251. 

The RRKM c a l c u l a t i o n  done by Wodtke et  a l .  

These 

4 .  THOUGHTS ON THE I N I T I A T I O N  OF NITROMETHANE DETONATION 

Nitromethane is a rocke t  f u e l  which de tona te s  under t h e  e f f e c t  of a 

shock wave 153, 541, and a less powerful explos ive  than t h e  n i t r o e t h e r s ,  but  

i t s  g r e a t e r  chemical s t a b i l i t y  i s  an  advantage [551. 

d iameter  is 12-20 mm and t h e  i n i t i a t i o n  p res su re  f o r  de tona t ion  i s  on t h e  o r d e r  

of 90 kbars  [55].  

i no rgan ic  a c i d s ,  water, organic  bases ,  and d i -  and t r i e t h y l a m i n e s  [ 55-58]. 

For example, Kondrikov et  al. [55]  noted that 0.025% of amine w a s  enough t o  

c u t  t h e  c r i t i c a l  diameter t o  h a l f  i t s  i n i t i a l  va lue .  W l i g h t  a l s o  con t r ib -  

u t e s  t o  t h e  s e n s i t i v i t y  of ni t romethane f34, 57-58]. 

Its c r i t i ca l  de tona t ion  

The capac i ty  f o r  de tona t ion  is  increased  by t h e  a d d i t i o n  of 

A number of au thors  have t h e r e f o r e  suggested t h a t  t h e  b a s i c  an ion ic  

[57-581 and t h e  protonated s p e c i e s  CH2NO2H E591 were t h e  
- 

s p e c i e s  CH2N0-2 

i n i t i a l  s p e c i e s  causing t h e  de tona t ion  s e n s i t i z a t i o n .  According t o  Engelke et a l .  
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[ 5 7 1 ,  t h e  d e t o n a t i o n  rate of ni t romethane is  p ropor t iona l  t o  t h e  concent ra t ion  

of t h e  an ion ic  form (ac i -  i on ) .  Considering t h a t  t h e  p re s su re  i n c r e a s e s  t h e  

a u t o i o n i z a t i o n  of weak a c i d s ,  they  ca l cu la t ed  t h a t  a t  50 kbars  and 400 K ,  

t h e  concen t r a t ion  of C H 2 N 0 2  w a s  mu l t ip l i ed  by 80 i n  comparison t o  normal 

cond i t ions ,  and they  r e j e c t e d  even t h e  hypothes is  that t h e  i n i t i a l  spec ie s  

of l i q u i d  ni t romethane chemistry under t h e  e f f e c t  of a shock wave were 

rad ical  s . 

- 

- 

- 
I n  aqueous s o l u t i o n ,  t h e  pKa of CH3N02 is  10.2 a t  25"C, and t h e  CH2N02 

anion which i s  i s o e l e c t r o n i c  wi th  t h e  n i t ramine  H2N-NO2 shows an  absorp t ion  

band at  233 rim which sugges ts  in t ramolecular  charge t r a n s f e r  between t h e  

CH2 e l e c t r o n  donor group and t h e  NO2 e l e c t r o n  acceptor  group. These two 

groups a r e  represented  i n  t h e  nonplanar form of t h e  molecule ,  which is  less  

s t a b l e  t h a n  t h e  p lanar  form wi th  t h e  double  bond [61 ) :  

- 

\ + / O -  
n 

H /'=" \ o' 

The i n i t i a t i o n  of de tona t ion  in s o l i d  ni t romethane probably involves  a 

multiphonon e x c i t a t i o n  of  t h e  i n t e r n a l  v i b r a t i o n s  of t h e  molecule [62],  and 

according t o  Peyrard e t  a l .  [62,  631, t h e  C-N c leavage propagates  i n  a 

coopera t ive  mechanism. 

With r e s p e c t  t o  theory ,  r e c e n t  c a l c u l a t i o n s  are i n  favor  of a rearrange-  

ment of t h e  nitromethane i n t o  methyl n i t r i t e ,  t h e  d i s s o c i a t i o n  of which is  

easier [64] .  A t  700"C, t h i s  rearranganent  predominates over  t h e  C-N c leavage ,  

which w i l l  become predominant on ly  a t  a h igher  tempera ture  [ 6 4 ] .  

mechanical s t u d y  of t h e  C-N c leavage has j u s t  shown t h e  e x i s t e n c e  of resonances 

and high o s c i l l a t i o n s  of t h e  photofragmentation rate as a f u n c t i o n  of t h e  t o t a l  

energy [65 ) .  

A quantum 
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It is  s t i l l  too e a r l y ,  however, t o  say  t h a t  one or  more of t h e  unimolecu- 

l a r  Reac t ions  (11, ( 3 1 ,  ( 4 1 ,  (51, ( 6 1 ,  (71, (81, o r  (9) c o n s t i t u t e  t h e  

i n i t i a l  s t a g e s  of t h e  i g n i t i o n  of ni t romethane sub jec t ed  t o  a shock wave, 

s i n c e  a v e r y  f a s t  bimolecular r e a c t i o n  has  j u s t  been proposed by Bardo [661 

as t h e  i n i t i a l  s t e p .  It is a head- to- ta i l  r e a c t i o n  

- 
O': 

+ H C  - > H3C - N - 7 - NO2 

N02 N02 OH ' H  
3 \  

H C  
3 \  

f o r  which t h e  ha l f - r eac t ion  time would b e  5 x sec a t  a p r e s s u r e  of 80 

kbars and a temperature  of 850 K. While t h e  w r i t i n g o f  t h i s  p a r t i c u l a r  r e a c t i o n  

is d i f f i c u l t  t o  j u s t i f y ,  t h e  hypothes is  of a f a s t  b i n o l e c u l a r  r e a c t i o n  
- 

involving a CH2N02 anion seems p l a u s i b l e  i n  t h e  condensed phase.  

5 .  W PHOTODECOMPOSITION OF NITRAMINES 

The s t u d y  of t h e  photodecomposition of n i t r amines  is motivated by t h e i r  

u s e  as r o c k e t  f u e l s  and explos ives ,  such as HMX and FOX [67] .  An e s s e n t i a l  

c h a r a c t e r i s t i c  i s  t h e  c leavage  of t h e  N-N bond, t h e  bond energy of which is  

46.2 k c a l s h o l ;  it is  thus  easier than  t h e  C-N c leavage  [683. Recent ly ,  

Mialocq and Stephenson [ 691 showed t h a t  t h e  pho tod i s soc ia t ion  of dimethyl- 

n i t r amine  a t  266 rn was accomplished i n  less t han  6 psec ,  w i t h  a high  quantum 

y i e l d  on t h e  o r d e r  of 0.48 [ 251. A high propor t ion  of e l e c t r o n i c a l l y  

exc i ted  NO2* f ragments  i s  a l s o  formed, w i t h  a quantum y i e l d  of 0.06 [ 2 5 ,  691. 

h S  

2 
(CH3)? N NO2 > (CH3)2 N + NO 

266 n m  

The r a p i d  formation of NO2 i n  t h e  case of d imethyln i t ramine  is  i n  agree- 

ment wi th  t h e  c a l c u l a t i o n  of t h e  rate cons tan t  of unimolecular  d i s s o c i a t i o n  
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according t o  F o r s t ' s  approach: k = 2.5 X 10l1 sec  ', o r  T = ca .  4 sec [ 2 5 ] .  

Likewise ,  t h e  picosecond laser e x c i t a t i o n  a t  266 nm of a s o l u t i o n  of 

t e t r y l  i n  methanol showed t h e  appearance i n  t h e  laser p u l s e  of a s t rong  

abso rp t ion  i n  t h e  v i s i b l e  region of t h e  spectrum, which could be t h a t  of t h e  

N-methyltr i n i t r o a n i l i n o  r a d i c a l  r e s u l t i n g  from %NO2 c leavage  [ 701. 

6 .  CONCLUSION 

The monophotonic W o r  mult iphotonic  ZR pho tod i s soc ia t ion  of n i t r o  sub- 

s t ances  is a very  f a s t  process  which occurs  i n  less than  6 picoseconds i n  t h e  

case of ni t romethane and dimethylni t ramine i n  t h e  gas  phase.  The c leavage  of 

t h e  C-NO2 o r  N-NO2 bonds i s  not  n e c e s s a r i l y  t h e  primary s t e p  i n  t h e  i n i t i a z i o n  

of t h e  d e t o n a t i o n  of n i t r o  explosives  i n  t h e  l i q u i d  o r  c r y s t a l l i n e  phase.  

In t ramolecular  rearrangement r e a c t  ions may be  involved as w e l l ,  as may 

bimolecular  r e a c t i o n s .  Addit ional  s t u d i e s  are under way t o  c l a r i f y  t h e  

mechanism of photodissoc ia t ion  of ni t romethane and t e t r y l  i n  t h e  condensed 

phase. 
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