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Anomalous decomposition of dinitramide metal salts in the solid phase 
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Unusual regularities are observed for decomposition of dinitramide metal salts in the 
solid phase: the solid-phase reaction is 10--103 times faster than that in the melt, its rate has 
a sharp peak in the ?egion of eutectics melting with the decomposition product (metal 
nitrate), and it is instantly inhibited by water vapor. In the inhibited regime, the rate in the 
solid phase is lower than that in the fiquid phase. No indications of this anomalous behavior 
are observed for the decomposition of the dinitramide guanidinium salt. 
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It  was found  in t he  work  I devo ted  to the  s tudy of  the  
t h e r m a l  d e c o m p o s i t i o n  o f  p o t a s s i u m  d i n i t r a m i d e  
(KN(NO2)2 )  t ha t  on  go ing  f rom the  me l t  to the  solid 
state,  the  reac t ion  ra te  does  not  decrease ,  as usual ly  
takes place  for i no rgan i c  salts, 2 but ,  on  the  cont ra ry ,  
increases  sharply.  W a t e r  vapor  inhibi ts  the  so l id -phase  
reac t ion ,  and  the  d e c o m p o s i t i o n  of  solid K N ( N O 2 )  ~ in 
the  inh ib i t ed  reg ime is cons ide rab ly  s lower  t h a n  in the  
melt .  The  s tudy of  the  m e c h a n i s m  of  this  unusua l  
reac t ion ,  wh ich  was n a m e d  the  a n o m a l o u s  d e c o m p o s i -  
t ion ,  1 can  be fac i l i ta ted  by a de ta i l ed  p h e n o m e n o l o g i c a l  
desc r ip t ion  and  e s t a b l i s h m e n t  o f  its scope  and  l imi ta -  
t ions  a m o n g  d in i t r a rn ide  ( D N A )  salts. There fore ,  in  this  
work,  we s tud ied  the  l iqu id-  and  so l id -phase  d e c o m p o -  
s i t ion of  several  me ta l  D N A  meta l  salts and  one  o n i u m  
salt, d i n i t r a m i d e  g u a n i d i n i u m .  

Experimental 

DNA salts with Li +, Na*, Rb +, Cs +, Ba 2+, and (NH2)3C + 
cations were synthesized according to described procedures. 3,4 
The products were twice recrystallized from ethanol or aqueous 
isopropanol and dried over Anhydron in a vacuum desiccator. 
These procedures rapidly decreased the water content to 0.2-- 
0.4%, after which the drying process was sharply retarded. More 
drastic drying conditions down to 0.05% H20 (60--70~ 
vacuum) are accompanied, as a rule, by the partial decomposi- 
tion of the substance. Lithium and barium salts were synthesized 
as low-melting crystal hydrates. They were dehydrated to 0.5% 
H20 by drying over P2Os at -20 ~ in vacuum (0.01 Ton'). 

The decomposition rate was measured by manometric or 
gravimetrie methods. The products were analyzed by GLC and 
mass spectrometry. 

Like KN(NO2)2, l,s the composition of  metal salts was 
simple and constant at different temperatures and degrees of 
conversion: solid salts yield 1 mole of N20, and liquid salts 
give I mole of NO + 0.5 mole of N20.  This fact allows one to 
obtain rate constants from the initial regions of kinetic gas 
evolution curves with a high accuracy. 

Decomposition of solid salts in a vacuum of 0.1 Torr 
(permanent pumping out) in an atmosphere of moist air or at a 
pressure of  neat water vapor of 10--15 Tow was monitored by 
a thermobalance. In the last two cases, the reactions are slow, 
and the manometric procedure, which is more sensitive than 
weighing, was used to study the reaction. Due to the fast 
escape of residual water vapor, the conditions of decomposi- 
tion in closed vessels correspond to the decomposition in an 
atmosphere of moist air. I 

Rate constants of the l iquid-phase decomposit ion at 
100 ~ were estimated to compare decomposition rate con- 
stants in the solid phase and in the melt. The extrapolation of 
data on decomposition 5,6 in the melt  was used for alkaline salts 
(for RbN(NO2)2, these data were also obtained experimen- 
tally). In addition, the decomposition rates of RbN(NO2) 2 in a 
low-melting eutectic mixture with rubidium nitrate were mea- 
sured directly at i00 ~ For the barium salt, the parameters of 
the liquid-phase decomposition were detemfined from the 
decomposition of 10--25 tool.% solutions of Ba 2§ in liquid 
KN(NO2) 2. Ba 2+ ions were introduced into KN(NO2) 2 as 
barium nitrate. The observed rate constant  of the decomposi- 
tion of this mixture is described by the equation 

Rob s = k(K*)/[(1 + m2Mt/mlM2)] + 
+ k(Ba2+)/[l  + (miM2/m2Ml)], 

where m is the weighed sample and M is the molecular weight; 
index I refers to KN(NO2) 2 and index 2 refers to Ba(NO3) 2. 
The k(K +) value taken from Ref. 5 was used for the calculation 
of k(Ba 2+) from /cob s. 

The formation of eutectics of D N A  salts and the corre- 
sponding nitrates was studied by differential scanning calorim- 
etry. Rubidium, cesium, and guaxfidinium salts give these 
eutectics with m.p. 84.5, 81.5, and 128 ~ respectively. The 
composi t ion  of  the eutectic mixtures  is the following: 
RbN(NO2)2/RbNO 3 = 9/l, CsN(NO2)2/CsNO 3 = 9.5/0.5. 

Results and Discussion 

T h e  c o m p l e t e  k ine t ic  curves  a n d  ini t ia l  regions  of  the  
mass  loss curves  for the  d e c o m p o s i t i o n  of  RbN(NO2)~ 
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and CsN(NO2)  2 in a vacuum of  0.1 Torr  at different  
temperatures  are presented in Figs. 1--4. The  react ions 
are character ized by a p ronounced  accelerat ion,  which 
is typical of  t opochemica l  processes, and a very strong 
re tent ion (this p h e n o m e n o n  appears as follows: after the  
process is comple te ,  a considerable  port ion of  the start-  
ing c o m p o u n d  remains unconsumed) .  The  rate peaks 
are observed in points  o f  eu tec t ic  mel t ing  on the  
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Fig. 1. Decomposition of RbN(NO2) 2 in vacuo. T/~ 1, 50; 2, 
60; 3, 70; 4, 80; 5, 82; 6, 84.5; and 7, 90. Moments of 
injection of moist air are marked by circles. Dotted lines show 
the continuation of kinetic curves after injection of air. 

Arrhenius dependences  o f  the  rate constants  (Fig. 5). All 
other  metal  salts have the same character  of  decompos i -  
t ion as RbN(NO2)  2 and CsN(NO2)2 ,  but they  do not 
give eutectic mixtures with products  and have no breaks 
on the temperature  dependences  of  the rate constants 
(see Fig. 5). 

The retent ion effect and rate peaks can be explained 
by one reason: localizat ion o f  the  reaction on the  surface 
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Fig. 3. Kinetic curves of decomposition of CsN(NO2)2 in 
vacuo. T/~ l, 60.7; Z 70; 3, 75; 4, 80.3; 5, 81.5; and 6, 84.5. 
The moment of injection of 10 Tort of H20 is marked by the 
circle. 
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Fig, 2. Initial regions of kinetic curves presented in Fig. I. Fig. 4. Initial regions of curves presented in Fig. 3. Numbers 
Numbers of curves coincide, of curves coincide. 
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Fig. 5. Temperature dependences of rate constants of decom- 
position of DNA salts in the solid phase. Symbols near curves 
correspond to cations; Gu is guanidinium, l, reaction in 
vacuo; 2, decomposition inhibited by water vapor. 

and  n o n e q u i l i b r i u m  defec ts  of  the  crystal  latt ice.  After  
"working out" or  " recover ing"  of  defect  regions by cover-  
ing t h e m  with  the  p r o d u c t  layer,  the  r eac t ion  is s topped.  

It can  be  re in i t i a ted  by s i m p l e  g r ind ing  o f  par t ia l ly  
d e c o m p o s e d  crystals. This  e f f e c t  has  b e e n  p rev ious ly  
observed for  K N ( N O 2 )  2 and  d e s c r i b e d  in detai l ,  t T h e  
c o n c e n t r a t i o n  of  defects  in c ry s t a l  (and,  h e n c e ,  t he  ra te  
as well) increases  w h e n  the  e u t e c t i c  is fo rmed ,  espec ia l ly  
nea r  its me l t i ng  point .  The  r e a c t i o n  is s t o p p e d  at the  
early stages at t e m p e r a t u r e s  h i g h e r  t h a n  t he  eu tec t i c  
me l t ing  po in t ,  because  the  r e a c t i o n  cen te r s  beg in  to 
mel t .  

The  last fact reflects the  m a i n  specif ic  f ea tu re  of  
d e c o m p o s i t i o n  o f  meta l  d i n i t r a m i d e  salts: u n d e r  c o n d i -  
t ions  of  r emov ing  gaseous  p r o d u c t s ,  the  rate in t he  solid 
phase  is h igher  t han  in the  l i q u i d  phase.  

It can  be seen f rom Table  I t h a t  the  ra t io  o f  d e c o m -  
pos i t ion  rate cons tan t s  in the  s o l i d  and  l iquid  phases ,  
ks/ki,  v a r i e s  (a t  100 ~ f r o m  I0 ( L i N ( N O 2 )  2, 
Ba(N(NO2)2)2)  to 104 ( N a N ( N O ~ ) 2 ) .  

The  second  specif ic  feature  o f  all me ta l  sal ts  ( w h i c h  
has been  previously  observed f o r  K N ( N O 2 )  2 l )  is the  
inh ib i t i on  o f  the  so l id -phase  r e a c t i o n  by w a t e r  vapo r  
(Figs. 1 and  3, Table  1). T h e  a d d i t i o n  o f  10- -15  T o r t  of  
wate r  vapor  at any stage of  d e c o m p o s i t i o n  i m m e d i a t e l y  
stops the  react ion.  T h e  i n j e c t i o n  of  mois t  a i r  acts  in the  
same m a n n e r .  A m m o n i a ,  N O ,  N 2 0 ,  and  a c e t o n e  or  
m e t h a n o l  vapor  also re ta rd  the  d e c o m p o s i t i o n ,  bu t  c o n -  
s iderably  more  weakly t han  w a t e r  vapor.  In c losed  ves-  
sels at  an  init ial  pressure o f  0.1 T o r t ,  the  r eac t i on  occurs  
rapidly at  first as in v a c u u m  b u t  is s topped  as N 2 0  is 
a c c u m u l a t e d  and  residual wa te r  v a p o r  escapes.  

Table 1. Kinetic parameters of decomposition of dinitramide salts in different states 

Cation M.p. of State AT E lgA k" 105/s -1 k/s -I 
salt/~ /~ /kcal tool -1 /s  -1 (160 ~ (100 ~ 

Li* 158 Melt --  (36.0) ~ (15.0) 67 b 8.1 �9 l0 -7 
Solid (0.1) c 62--120 26.0 10.0 --  5.7- 10 -6 
Solid (760) 60--98 40.6 17.3 --  3.2- 10 -7 

Na + 111 Melt - -  (38.0) (15.0) 6.4 b 5.4 �9 10 -7 
Solid (0.1) 30--50 40.0 22.0 --  3 .6 .10  -2 
Solid (760) 70--80 46.0 21.4 --  2.7- 10 -6 

K +a 127 Melt 130--190 39.5 15.1 1.4 8.9- 10 -9 
Solid (0.I) 80--100 26.6 10.3 --  5.1- 10 -6 
Solid (760) 80--120 41.0 15.6 --  3.7- I0 -9 

Rb + 108 Melt --  (39.6) (15.0) 1.0 b 6.2- 10 -9 
Melt 130--170 40.1 15.3 1.1 6.3- 10 -9 
Eutect. 100 --  - -  - -  6.1 - 10 -9 
with RbNO 3 
Solid (0.i) 50--100 20.0 6.6 --  7.6- 10 -6 
Sotid (760) 70--102 38.0 12.8 --  3 .4 .10  -10 

Cs + 88 Melt --  (39.2) (15.0) 1.62 b 1.0- 10 -8 
Solid (0.1) 60--85 13.0 3.0 --  2.4 �9 I 0 -5 
Solid (760) 70--80 39.0 14.7 --  6.9- 10 -9 

Ba 2~" Solution 160--180 50.0 20.8 3.2 2.8- 10 -9 
in KN(NO2) 2 
Solid (0.1) 80--100 47.3 20.5 --  5.6- I0 -s  

(NH2)3C + Melt 150 --  --  - -  1.1 �9 10 -4e 
144 Solid (0.1) 95--138 40.0 14.2 --  3.4. I0 -Te 

Solid (760) 95--110 40.0 14.2 --  3.4- I0 -Te 

Note. a Calculated from the k values at 160 ~ presented in Ref. 6 assuming that logA/s -1 has the value 15.0 typical of alkaline salts. 
Data in Ref. 6. c Air pressure (Tort) above the sample, a Data of Refs. I and 3. e At 150 ~ 
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The strong effect of  water vapor suggests that decom- 
position is possible only in dry layers of the substance, 
and its rate depends on the degree of preliminary drying 
and conditions of  removing residues of the solvent and 
gaseous products. The lithium and barium DNA salts, 
which have the smallest ks/'k t ratios, were obtained from 
crystal hydrates and, perhaps, the residual moisture 
retards their decomposit ion in vacuo at the initial stages. 
These compounds have the m~ximum degree of accel- 
eration (which can be related to the water loss), and at 
the acceleration stage, their/Q/kl values become equal to 
those of other salts. 

The water vapor-inhibi ted decomposit ion of metal 
salts in the solid phase has a lower rate than that in the 
melt. Its parameters  are presented in Table 1. 

The results obtained testify that all the described l 
properties of  the anomalous decomposition (a great ks/'k l 
ratio, the rate peak at the point of eutectic melting with 
the product, and inhibition by water vapor) are retained 
for all DNS metal salts. 

Unlike DNA metal  salts, the DNA guanidinium salt 
manifests no specific features of  solid-phase decomposi-  
tion. The rates in vacuum and in air are equal (see Table 
1), and no increase in the rate is observed (Fig. 5) at the 
point of eutectic melting with guanidinium nitrate (128 
~ The rate in the solid state is 400 times lower than in 
the liquid phase (point  at 150 ~ see Table 1). 

Similarly to the conclusions in Ref. 1, it can be 
assumed that the phenomenon of  anomalous decompo-  
sition is related to changes in the structure of  the D N A  
anion on going from the melt to the solid state. The 
anion in the crystal can have a structure with a 
nonsymmetric charge distribution and nonequivalent ni- 
tro groups. It is reasonable to expect that these anions 
have an increased reactivity, in particular, their thermal 
stability can change. The observed difference in the 
kinetic behavior of  metal and guanidinium dinitramides 
makes it possible to check this hypothesis by structural 
studies. 

The data presented in Table 1 allow one to draw an 
important conclusion concerning the l iquid-phase de- 
composition of DNA salts. The comparison of  k l with 
the cation radius of the alkaline salts shows that this 
dependence is not monotonic:  the min imum of  the rate 
is observed for RbN(NO2) 2. The nonmonotonic  charac- 
ter of the dependence of  the stability of large anions on 
the electronegativity of the cations was theoretically 
predicted. 7 Probably, it is not the minimum,  but the 
lower limit (Rb = Cs) of the cation effect on the stability 
of the N304 - anion. In both cases, it can be expected 
that at any polarizing strength of  the cation, the stability 
of  the D N A  salt cannot  be h igher  than  that  of  
RbN(NO2) 2. 
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