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Thermal stability ot" high-energy compounds 
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The influence of molecular stnlcture on the stability of high-energy compounds is 
considered. The kinetic parameters of the decomposition of various energy-rich groups in 
monoftmctional compounds are established. Data on decomposition of compounds with 
mixed functional groups are described. The sites of primary, breakdown are determined and 
the mutual influence of functional groups on the stability is considered. 
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The extensive experimental data on the stability of 
explosives accumulated in the literature over the last 
decades make it possible to consider the stability of 
high-energy compounds, determined by the kinetics of 
their thermal decomposition. This review deals prima- 
rily with the stability of monofunctional compounds of 
various classes. Intramolecular interaction of groups and 
stability of polyfunctional compounds, i,tcluding com- 
pounds with different functional grot, ps, are discussed. 
Finally. autocatalytic decomposition of compounds with 
different functional groups and il~teraction of groups via 
decomposition products are considered. 

Stability. of monofunctional compounds 
of various classes 

Table 1 presents characteristic parameters for decom- 
position of monofunctional aliphatic compounds of the 
R_X or RXR type (R = AIk) containing 15 energy-rich X 
groups. The structure of the alkyl grot, p has only a slight 
effect on the decomposition rate and. therefore, it could 
hardly influence the stability of these compounds. 

The compot, nds listed iq Table I are arranged iu the 
order of decreasing stability at 60 ~'C. In addition, 
Table l contains data on three heterocycles especially 
enriched in energy. The data refer to the liquid state of 
substances. The stabilities of compounds  with. melting 
points (m.p.) <__100 ~ can increase 10-fold on passing 
tO the solid phase, and those of compounds with m.p. 
>150 ~ can increase more than 100-1bid. 

The most stable groups in the aliphatic series are 
--C(NO2)2--, --C(NF2)2--  , and --C(NO2)2F. They de- 
compose upon cleavage of the C--N bonds, which have 
similar strengths in these fragments. 

Secondary nitramine groups, which are considered 
to be the most efficient for the design of higi~-density 
and high-energy compounds, can be divided into two 
types according to their stability. Compounds  with a 
planar nitramine group are highly stable, whereas those 
containing a pyramidal ui t ramine group (hexogen, 
pentogen 3) are considered to be stable only in the solid 
state. The more distorted the planar structure of the 
nitramine group, the longer and, correspondingly, the 
weaker the N - - N O ,  bond. t3 

A.mong difhtoroamines with isolated NF  2 groups, 
two types of substances with different stabilities can also 
be distinguished. These compounds decompose appar- 
ently via ionic dissociation of the N - - F  bond and the 
decomposition rate depends substantially on the effi- 
ciency of solvation of the intermediate iota pair. Shield- 
ing of the reaction site by the branched [3-substitt, ent 
prevents solvatiou and decreases the rate of decomposi- 
tion. Therefore, substances with an unshielded N F~ 
group are nearly 100 times less stable than structures 
with a shielded N F 2 group. 6 

The --N(NO2)F and --N(NO2) 2 groups are relatively 
unstable. Other functional groups can be relatively stable 
under particular conditions, especially in solid com- 
pounds. Nitrogenous heterocycles, furazan, furoxau, and 
tetrazole, are fairly stable. According to the orbital sym- 
metr5' rules, :a concerted mechanism for th_e opening of 
these zings is allowed; however, most often, concerted 
reaction is precluded by steric repulsion between sub- 
stituents. Therefore, a stepwise mechanism of decompo- 
sitiou predominates. If the substituents in a furoxan are 
H or F atoms or linear (N 3) or planar (NO 2, Ph) groups, 
which create no steric hindrance, the compound inevita- 
bly becomes less stable. H-lz 
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Table I. Characteristic values of the kinetic parameters of decomposition of groups X in the compounds R--X 
or R--X--R.  where R = Et 

Group X E lo~A 60 "C 150 ~C Ref. 

/kJ  tool  -1 Is  l] k /s  -! r,a k / s -1  <,)a 

--(.',(N F2) 2 -- 
--C(NO21zF 
--C(NO2)2-- 
- N ( N O 2 ) - -  
(planar) 
- -ONO,  
- C H 2 N  3 
--C(NO2)3 
_NF~ t~ 
(shielded) 
--N(NO2).-  c 
(pyramidal) 
--C(NO.HNF~ 
--C(NO!12N; 
- -NF,  a 
{o~en) 
--NHNO? 
--N(NO2tF 
--N(NO2)2 

2:5  
o 

~o 

"--- N N ~ ' \ \  

/ 

N 

199 160 6.9. 10 <6 10 2.9-  10 - 9 .  10 1 
199 17.0 69"  I0 -15 iO 2.9" t0 - s  I0 2 
199 171 8.7.10 - ts  13 3 .7 .10 -s  I3 2 
172 14.5 4.0- 10 -13 580 2.1 " 10 -7 72 3 

168 14.7 2.9" 10 -12 4.0" 103 1.0" 10 -6 2.4- 103 4 
163 144 6 4 - 1 0  -12 9.0" 103 1.8" t0 -~ 630 5 
180 17.2 1.0" I0 - I I  1.5" 10 4 1.0" 10 -5 3 . 4 . 1 0  3 2 
126 9.0 2,I " [0 - I I  3 .0"  10 4 3.2- t0 -7 110 6 

159 14.5 3 . 7 '  l0 --II 5 .0"  10 4 7.4" 10 -t' 2.5-103 3 

168 160 5.7-10 --li 8.0- 104 2.2- 10 -5 7.5. t03 7 
163 15.5 8 0 - f 0  - l i  1.0- l0 s 2 2 -  10 -5 8.0- 103 e 
111 8.3 1.3.10 -9 2.0- l06 4.1"10 -6 1.4" i03 6 

II1 10.1 1.3-10 -7 2.0-107 2.6-10 .4 1"105 8 
126 15.0 2.1 - 10 --5 3.0" 10 I~ 0 3 1 �9 109 9 
121 150 9 0 - 1 0  -~ 1.0- 10 II 1.0 3" t0 s 10 

193 14.5 2.3. It) -I~ 3.0 6.0- 10 -~l 0.01 11 

188 14.8 1.7- 10 -15 2.5 3.2 �9 10 .9 1.1 I l 

197 149 12" 10 --l~ 0.17 4.2. I0 -9 1.4 12 

176 15.0 2.0- 10 -ix 400 2.6- I0 -7 70 12 

a Relative rate, bin F2NMe?CCMe2NFz. c In 1,3-dinitro-i .3-diazacyclopropane. a tn FzNCH:(CH2)2CH2NF 2. 
e Unpublished results of the authors. 

Intramolecular interaction 
of functional groups and stability of compounds 

with mixed functions 

T h e  d e c o m p o s i t i o n  of  po t y f unc t i ona l  c o m p o u n d s  is 
always acce le ra ted  by induct ive ,  mesomer i c ,  or steric 
i n t e rac t ions  be tween  f u n c t i o n a l  groups .  Table  2 presents  
k n o w n  k ine t i c  da ta  oll t h e  d e c o m p o s i t i o n  o f  
po ly func t iona l  c o m p o u n d s :  these  d a t a  allow several con-  
c lus ions  to be drawn c o n c e r n i n g  the  in te rac t ion  of  
ac t ive  groups.  

Combination of--C(NO2)3,  - - C ( N O 2 ) 2 - -  , and - - N O , .  
Molecu le s  of  e t h a n e  and  p r o p a n e  can  car~,  ~4 ni t ro  
g roups  wi thout  losing a level o f  s tabi l i ty  sufficient for 
p rac t ica l  purposes.  For  c o m p o u n d s  wi th  larger n u m b e r s  
o f  n i t ro  groups,  the  energies  for b o n d  cleavage D ( C - -  
N O  2) are less t han  155 kJ tool - I .  T h e  relatively low 
values  of  ac t iva t ioa  energy t o g e t h e r  wi th  high values o f  

the  p reexponen t i a l  f ac to r  (>1017 s - i )  a ccoun t  for the  
low s tabi l i ty  of  these substances .  Low stabi l i ty  is also 
typical  o f  pen t ane  der ivat ives  saturated with n i t ro  g roups  
such as c o m p o u n d s  4 and  5, in which the  v - N O  2 g r o u p  
in te rac t s  2 wi th  the t e rmina l  C atom. 

A 13-ni tramine g roup  produces  a 6 kJ mot  - I  de -  
c rease  i n - t h e  D ( C - - N O  2) va lue , -whi le  giving a f ivefold  
i nc rease  in the  rate o f  d e c o m p o s i t i o n  o f  C ( N O 2 )  3. T h e  
p r e s e n c e  o f  a d i n i t r o m e t h y l  group has,  in its tu rn ,  a 
s im i l a r  ef fec t  on the  s tabi l i ty  of  a n i t r a m i n e  g r o u p  
( c o m p o u n d s  11 - -13 ,  16 in Table  2). 

Combination o f - - N ( N O z ) - -  with - -N 3. A n i t r a m i n e  
g roup  in the  [~-position increases  the  rate of  d e c o m p o s i -  
t ion  o f  an  azide group 40-fo ld .  The ac t iva t ion  ene rgy  of  
e l i m i n a t i o n  of  N~ from c o m p o u n d  15 is lower  thar i  t ha t  
for m o n o f u n c t i o n a l  azides.  

T h e  stabi l i ty  of  an  azide group is appa ren t ly  h ighly  
sens i t ive  to  the  p resence  o f  N atoms in the  e l -pos i t ion .  
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Table 2. Kinetic parameters of decomposition of polyfimctional compounds 

Compomld a Medmm T/~ E log(A) k/s -I (,}b Ref. 
/kJ 11101 -I [S -t]  (150 ~ 

FC~NO~)2C(NO:,)3 (1) Me!t 
FC(NO2)2C(NOz)zF (2) Melt 
FC(NO2)2C H-,C H 2C(N O_-.12 F (3) Melt 
[(NOz)3CC H_-,]2C H (N O21 (4) Melt 
[FC(NO2)zCH2]2C(NO2) 2 (5) Melt 
(NO213CC H 2 C H 2COOCH 2C(NO-2_) 2 F (6) Melt 
F(N O?)?CC H 2C H ?COOCH.,C(NO2) 3 (7) Melt 
CH3N(NO2)CH2C(NO2) 3 (81 Melt 
[(NOz)3CCH2]2N(NO 2) (91 Melt 
[(NOz)3CCH2N(NO2)CH?I 2 (10) Solution c 
CH3N(NO2)CH2C(NO?)2F ( I I ) Solution c 
tFC(NO2)2CH212N(NOz) (12) Solution c 
[FC(NO2)2CHTN(NOz)CH2] 2 ( 13} Solntion c 
02NNICH 2CH-2_ONO2) 2 (141 Melt 
N3CHt[N(NO2)CH2]4N 3 (151 Melt 

O,N 
~ N O  2 

0 zN "N/---C)N..,.N 0 " IN " 

,,4 :o_..,,~ (16) Melt 
O 2' 

NO2 

FC(NO2)2CH?CH,C{NF,)?Me ~ 171 Melt 
(NO2)3CCH 2C H 2C(N F_,)2Me (181 Melt 
(NOz)3CCH2CH2OOCCHeCHNF2CCIqzNF 2(191 Melt 

/---2 
OzN ~ ' - - ~ N  N O2 (20i Solid 

N~o/N pllase 

OzNNHCH2NIINO 2 (211 Melt 
OzNNHCH2CH~NtlNO 2 (22) Melt 

88--t40 155 17.08 1.7'10 -2 1700 2 
107--180 177 18.00 1.6"10 -4 7000 2 
150--200 193 16.44 48 -10  -s 2 t4 
120--140 t48 15.86 3.8"10 .3 380 14 
130--160 152 16.00 1.8-10 -3 8"104 14 
130--193 174 16.75 2.0" 10 -5 2 I5 
130--193 174 I~.47 1.1 �9 10 -5 1 15 
130--180 169 16.74 7.4.10 -5 7 16 
110--150 154 15.60 3.8-10 -4 38 16 
130--180 170 16.80 5.9"10 -5 6 16 
t75--210 170 14.90 t.0-10 -6 5 16 
160--210 167 14.92 2.3"10 -~ 11 16 
160--210 168 15,29 3.3-10 -6 16 16 
150--170 188 t8.58 2.1 "10 -5 3 17 
120--180 t52 14.59 7.2"10 -5 40 18 

170--210 162 14.50 1.5" I0 -6 7 ~ l  

150--200 196 16.60 3.0' 10 -s 1.3 a 
110--140 181 17.80 3.0- I0 -5 3 a 
110--140 181 17.90 3.9- 10 -5 4 a 

115--130 136 17.30 3.3 l0 s 19 

110--130 125 12.26 6.6 " 10 -a 1.8 20 
184--254 127 12.8 1.2- 10 -3 3.3 21 

v. The sites of primary decomposition of the molecule are marked by the boldface font. a m is the ratio of the observed rate constant 
to that predicted using Table l. c Solution in TNT (trinitrotolueneL .4 Unpublished results of the authors. 

Upon  a-subs t i tu t ion ,  the he te roa tom probably initiates 
tile heterolysis  o f  the C - - N  3 bond,  which explains tile 
very, low stability z of  compound  23. 

Combination of identical 
--ONO2, --NFz, --N(NOz)-- ,  NO~ 
or - -NHNO 2 groups. When two / 

nitro groups occupy  vicina[ po- O2N'--NI/~N',, ~ 
sitions, the stability of  each of  / ! 

" k,, N... 
them diminishes  approximately N___/ CH2N 3 
5 t imes ,  z3 T h e  pa r ame te r s  / 
character izing decomposi t idn o f  O,,N 23 
substances with d i f luoroamme 
groups in the same arrangement  do not change.  6 The 
same occurs  with ni t ramine groups: when separated by 
one methy lene  bridge, they virtually do not influence 
decompos i t i on  o f  each other. Only in some cyclic struc- 
tures (hexogen ,  pentogen3), can the n i t ramine  group 
assume a pyramidal  shape due to steric strain and the 
D ( N - - N O 2 )  value decreases_ 

The react ivi ty o f  primary n i t ramine  groups separated 
by one or  two methylene  bridges ( compounds  Zl and 
22) remains  , i r tual ly  equal to that found for monofunc-  

t ional compounds .  The stability of  primary, n i t ramines  
in the l iquid phase is relat ively low. However ,  poly-  
f imctional  compounds ,  which usually have high mel t ing  
pointsf l  4 can be fairly stable in the solid state owing to 
the crystal lattice effect retarding the decomposi t ion.  

Combination o f - - O N O  z and - - N ( N O 2 ) - - .  A 
t3-nitramine group increases the rate of decompos i t ion  
of  a ni trate  group 3- -4- fo ld ,  i.e_,it acts similarly to a 
neighbor ing nitro group. 

Heterocycles. Fuvazanyl, furoxanyl,  and tetrazolyl  
f ragmeuts  are character ized by high degrees of  a roma-  
ticity. Like phenyl radicals, these  groups account  for 
resonance  interact ion in the  molecule .  This increases 
the energy o f  binding with a -subs t i tuents  and decreases  
that for t3-substituents. A furazan ring strongly influ-  
ences  t he  stabil i ty o f  a n i t r a m i n e  group (see Tab le  2, 
c o m p o u n d  20). The  c o m b i n a t i o n  of  steric and e l e c -  
t ron ic  ef fec ts  decreases  the D ( N - - N O 2 )  value to 134 
kJ t o o l  -1  . 

Interaction of groups via decomposition products. 
Many explosives decompose  by an autocatalytic m e c h a -  
nism. Decompos i t i on  products  act  most often as acid or  
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base catalysts. Thus cleavage of  nitro esters is catalyzed 
by ni t r ic  acid z5 and picric acid serves as the catalyst in 
t he rma l  decompos i t ion  of  te tu l .  16 Hydrogen fluoride 
ca ta lyzes  decompos i t ion  of  difluoroamines. 6 Polyni t ro-  
a lkanes  are highly sensitive to bases. Ni t ramines  and 
ni t ro  esters are also sensitive to ba_ses, al though to a 
lesser  degree. Acids accelerate  decomposi t ion of  azides. 

In the case of  compounds  with different groups,  the 
p roduc t s  resulting from decomposit ion of  one func-  
t ional  group can inf luence destruction of  the o ther  one.  
If  the  system conta ins  an active catalyst, an autocata-  
lytic process can be observed even at an early stage and 
thus  affect the stability of  the compound.  

In  t h e  c a s e  o f  c o m b i n a t i o n  o f - - O N O ~  a n d  
- - C H 2 N F  2 groups or  - -C(NO2)  3 and - - O N O  2 groups,  
acid  and redox atttocatalysis of  decomposi t ion o f  the 
n i t ro  ester f ragment  is enhanced bv the products of  
decompos i t i on  of  neighboring groups; this can acceler-  
ate dest ruct ion of  h igh-energy compotmds. Stabil izat ion 
by weak bases, typical o f  nitro esters, is impossible dt, e 
to the  high sensitivity o f  the --C(NO~I~ and - - C H , N F ~  
groups  to bases. In o ther  cases, it cml I~e suggested" that 
catalysis  by decompos i t ion  products would not have 
no t iceab le  influence on the initial steps of  decompos i -  
t ion ,  which de te rmine  the substance stability. 

The  regularities considered here allow rough evalua-  
t ion o f  the stability of  new compounds based on their  
s t ructura l  formula. A discrepancy between the real and 
p red ic ted  stability would point most likely to a new 
m e c h a n i s m  of decompos i t ioq  of high-energy compounds .  
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Founda t i on  for Basic Research (Project No. 98-03-  
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