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Thermal stability of high-energy compounds
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The influence of molecular structure on the stability of high-energy compounds is
considered. The kinetic parameters of the decomposition of various energy-rich groups in
monofunctional compounds are established. Data on decomposition of compounds with
mixed functional groups are described. The sites of primary breakdown are determined and
the mutunal 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-
rilty with the stability of monofunctional compounds of
various classes. Intramolecular interaction of groups and
stability of polyfunctional compounds, including com-
pounds with different functional groups, are discussed.
Finally, autocatalytic decomposition of compounds with
different functional groups and interaction 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
RX or RXR type (R = Alk) containing 15 energy-rich X
groups. The structure of the alkyl group has only a slight
effect on the decomposition rate and. therefore, it could
hardly influence the stability of these compounds.

The compounds listed in Table | are arranged in the
order of decreasing stability at 60 °C. In addition,
Table | 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 °C can increase 10-fold on passing
to the sohid phase, and those of compounds with m.p.
>150 °C can increase more than 100-fold.

The most stable groups in the aliphatic series are
—C(NO,),—. —C(NF,),—, and ~C(NO,),F. They de-
compose upon cleavage of the C—N bonds, which have
similar strengths in thesc fragments.

Secondary nitramine groups, which are considered
to be the most efficient for the design of high-density
and high-energy compounds, can be divided into two
types according to their stability. Compounds with a
planar nitramine group arc highly stable, whereas those
containing a pyramidal nitramine group ({(hexogen,
pentogen?) 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—NO, bond.13

Among difluoroamines with isolated NF, groups,
two tvpes 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 ion pair. Shield-
ing of the reaction site by the branched §-substituent
prevents solvation and decreases the rate of decomposi-
tion. Therefore, substances with an unshielded NF,
group are nearly 100 times less stable than structures
with a shielded NF, group.b

The —N(NO,)F and —N(NO,), groups are relatively
unstable. Other functional groups can be relatively stabie
under particular conditions, especially tn solid com-
pounds. Nitrogenous heterocycles, furazan, furoxan, and
tetrazole, are fairly stable. According to the orbital sym-
metry rules, a concerted mechanism for the opening of
these rings is allowed; however. most often, concerted
reaction is precluded by steric repulsion between sub-
stituents. Therefore, a stepwise mechanism of decompo-
sition predominates. If the substituents in a furoxan are
H or F atoms or linear {N;) or planar (NO,, Ph) groups,
which create no steric hindrance. the compound inevita-
bly becomes less stable,!1-12
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Table 1. 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 £ logA 60 °C 150 *C Ref.
/kJ mol™! s ks w° kys™! focd
—C(NFa)>— 199 16.0 6.9-19716 1.0 2.9-107° 1.0 1
—C{NOF 199 17.0 69-107% 10 294078 10 2
—C(NO»)»— 199 (7.1 8.7-10713 13 3.7-107% 13 2
—~N(NOy)— 172 143 4.0- 10713 580 21-1077 72 3
(planar) )
—ONO, 168 147 2.9-10712 40-10° 1.0-107  24-100 4
—CH;N; 163 144 6410712 9.0+ 10 1.8-107° 630 5
—C(NO1)3 180 17.2 Lo-jo 1 15104 1.0-1073  34.108 2
—NF,* 126 9.0 21107 3.0-10¢ 32-1077 110 6
(shielded)
—N(NO~¢ 139 145 171071 5010 74-107° 25108 3
{pvramidal) )
—C(NQO-1;NF, 163 (6.0 5.7-1971 8.0- 104 22:107 754000 7
—C(NO,N; 163 155 8.0-1071 1.0-10° 224107 80-100
—~NF,/ 111 8.3 1.3-1077 2.0-10° 4.1-1070 1.4-10° 6
(open) )
—~NHNO» 111 101 1.3-1077 20107 26-107 1e10? 3
—N(NOyF 126 15.0 21-1073 30100 0.3 1107 9
~N(NO;)» 121 15.0 90-1077 1.0- 100 1.0 3-108 10
/N\
IV/’ 193 145 23-1070 3.0 6.0-107"" 00l ("
O
4
/N\ -
:l: 0 188 148 (710718 23 3.2-1077 1.1 11
=N
\N" \
/QN,N 197 149 (2-10700 0.17 42-107 1.4 02
/
N/N\\
)'\N’/ 176 15.0 2.0-1071 400 26-1077 70 12

@ Relative rate. #1n F,NMe,CCMe,NF,. ¢ in |, 3-dinitro-1.3-diazacyclopropane. ¢ In F,NCH,(CH,),CH,NF,.

¢ Unpublished results of the authors.

Intramolecular interaction
of functional groups and stability of compounds
with mixed functions

The decomposition of polyfunctional compounds is
always accelerated by inductive, mesomeric, or steric
interactions between functional groups. Table 2 presents
known kinetic data on the decomposition of
polyfunctional compounds: these data allow several con-
clusions to be drawn concerning the intcraction of
active groups.

Combination of —C(NO,),, —C(NO,),—, and —NO,.
Molecules of ethane and propane can carry <4 nitro
groups without losing a level of stability sufficient for
practical purposes. For compounds with larger numbers
of nitro groups, the energies for bond cleavage INC—
NO,) are less than 155 kJ mol~!. The relativety low
values of activation energy together with high values of

the preexponential factor (>10'7 s71) account for the
low stability of these substances. Low stability is also
typical of pentane derivatives saturated with nitro groups
such as compounds 4 and 3, in which the y-NO, group
mteracts? with the terminal C atom.

A B-nitramine group produces a 6 kJ mol™! de-
crease in-the D{C—NO,) value.-while giving a fivefold
increase in the rate of decomposition of C(NO,);. The
presence of a dinitromethyl group has, in its turn, a
similar effect on the stability of a nitramine group
(compounds 11—13, 16 in Table 2).

Combination of —N(NO,)— with —N;. A nitramine
group in the p-position increases the rate of decomposi-
tion of an azide group 40-fold. The activation energy of
elimination of N, from compound 15 is lower than that
for monofunctional azides.

The stability of an azide group is apparently highly
sensitive to the presence of N atoms in the a-position.
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Table 2. Kinetic parameters of decomposition of polyfunctional compounds
Compound® Medium T/°C E log(A) kis! w®  Ref.
/kdmol™ 7Y (150 °C)

FC(NO,;),C(NOp; (1) Meit §3—140 155 17.08 171072 1700 2
FCINO,),C(NOy),F (2) Melt 107 —180 177 18.00 1.6- 1074 7000 2
FC(NO,),CH,CH,CINO)HF (3) Melt 150—200 193 16.44 48-1078 2 14
[{{NO2)3CCH,},CH(NO;) (4) Mett 120—140 148 15.86 381073 380 14
[FC(NO,),CH,],C(NOH), (3) Meht 130—160 152 16.00 1.8~ 10‘% S-10¢ 14
(NO,)3;CCH,CH,COOCH,C(NO)-F (6) Melt 130—193 174 16.75 20107 2 1>
F(VOw))C\,H)CHVCOO(,H ‘C(‘\Oq):‘ )] Meit 130—193 174 16.47 1.1-1073 1 15
CH3N(NO,)CHAC(NOy)4 (8) Melt 130—180 169 1674 741073 7 16
[(NO4);CCH,LN(NO5) (9 Melt 110—150 134 15.60 38- I()‘f 38 16
{(NO2)3CCH,N(NO1)CH,1, (10) Solution® 130—180 170 16.80 59-107° 6 16
CH3N(NOCH-C(NO-)LF (1D Solution¢ 175—-210 170 14.90 1.0-107° 5 16
[FC(NO;),CHA1aN(NOy) (12) Solution® 160—210 167 14.92 2.3-10™° 11 16
[FC(NGO4)>,CH,yN(NO;)CH-)» (13) Sotution¢ 160—210 163 153.29 33-1070 16 16
0, ’\'N(CH CH-ONO,), (14) Melt 150—170 188 13.58 2.1 lO"‘-f 3 17

3CH [\(I\OZ)CH,]J‘g (15) Melt 120—180 152 14.59 72-1070 0 40 18

01N

ON_ /__C/NO»

SC—/ “NO, (16) Melt 170—210 162 14.50 1.5-107% 7 —d
FC(NOZ)vLH CHAC(NFa)»Me (17) Melt 150—-200 196 16.60 30 lO‘? 1.3 —d
(NO,)3CCH,CH- C(\JF )pMe (18) Melt 110—149 18] 17.30 3.0-107° 3 —d
(NO;);CCH-CH> LOOCCH, SCHNF,CCHLNF, (19) Melt 110— 140 181 17.90 39-107 4 —d

! .

O,NN NNO,
7 Solid - - . . s
NN 20) phase 115—130 136 17.30 33 10 19
e}
O;NNHCH,NHNO, (21) Melt 110—130 125 12.26 6.6-107% 18 20
O, NNHCH.CH,NHNO, (22) . Melt 184254 127 12.8 1.2-1073 33 21

“The sites of primary decomposition ot the molecule are marked by the boldface font. o is the ratio of the observed rate constant
to that predicted using Table 1. ¢ Solution in TNT (trinitrotoluene). ¢ Unpublished results of the authors.

Upon a-substitution, the heteroatom probably initiates
the heterolysis of the C--N; bond, which explains the
very low stability? of compound 23.

Combination of identical

—ONO,, —NF,, —N(NO,)—, NO,

or —NHNO, groups. When two M

nitro groups occupy vicinal po- O2N\N/_ \)

sitions, the stability of each of k N

them diminishes approximately N—" \CH2N3
5 times.?3 The parameters /

characterizing decomposition of ON: 23
substances with difluoroamine
groups in the same arrangement do not change.® The
same occurs with nitramine groups: when separated by
onie methylene bridge, they virtually do not influence
decomposition of each other. Only in some cyclic struc-
tures {hexogen, pentogen3d), can the nitramine group
assume a pyramidal shape due to steric strain and the
D(N—NQO,) value decreases.

The reactivity of primary nitramine groups separated
by one or two methylene bridges (compounds 21 and
22) remains virtually equal to that found for monofunc-

tional compounds. The stability of primary nitramines
in the liquid phase is relatively low. However, poly-
functional compounds, which usually have high melting
points. 2 can be fairly stable in the solid state owing to
the crystal lattice effect retarding the decomposition.
Combination of —ONO,; and —N(NO,)—. A
B-nitramine group increases the rate of decomposition
of a nitrate group 3—4-fold, ie, it acts similarly to a
neighboring nitro group.
Heterocycles. Furazanyl,

furoxanyl, and tetrazolyl

" fragments are characterized by high degrees of aroma-

ticity. Like phenyl radicals, these groups account for
resonance interaction in the molecule. This increases
the energy of binding with a-substituents and decreases
that for B-substituents. A furazan ring strongly influ-
ences the stability of a nitramine group (see Table 2,
compound 20). The combination of steric and elec-
tronic effects decreases the D(N—NO,) value to 134
kJ mol™!

Interaction of groups via decomposition products.
Many explosives decompose by an autocatalytic mecha-
nism. Decomposition products act most often as acid or
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base catalysts. Thus cleavage of nitro esters is catalyzed
by nitric acid?3 and picric acid serves as the catalyst in
thermal decomposition of tetryl.2® Hydrogen fluoride
catalyzes decomposition of difluoroamines.® Polynitro-
alkanes are highly sensitive to bases. Nitramines and
nitro esters are also sensitive to bases, although to a
lesser degree. Acids accelerate decomposition of azides.

In the case of compounds with different groups, the
products resulting from decomposition of one func-
tional group can influence destruction of the other one.
If the svstem contains an active catalyst, an autocata-
Iytic process can be observed even at an early stage and
thus affect the stability of the compound.

In the case of combination of —ONO, and
—CH,NF; groups or —C(NO,); and —ONO, groups.
acid and redox autocatalysis of decomposition of the
nitro ester fragment is enhanced by the products of
decomposition of neighboring groups; this can acceler-
ate destruction of high-energy compounds. Stabilization
by weak bases. typical of nitro esters, 1s impossible due
to the high sensitivity of the —C(NO,); and —CH,NF,
groups to bases. In other cases, it can be suggested that
catalysis by decomposition products would not have
noticeable influence on the initial steps of decomposi-
tion, which determine the substance stability.

The regularities considered here allow rough evalua-
tion of the stability of new compounds based on their
structural formula. A discrepancy between the real and
predicted stability would point most likely to a new
mechanism of decomposition of high-eneray compounds.

This work was financially supported by the Russian
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EOARD (Project No. F61708-97-W0200).
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