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Abstract 
Formal kinetics of the two step decomposition of FOX 7 (1,1-diamino-2,2-dinitro-
ethylene) was modelled using dynamic and isothermal DTA/TGA measurements. 
As a consequence of the extremely high values of the activation energy, FOX 7 is a 
very stable high explosive even at elevated temperatures . 
The reaction product (RP) remaining after the first decomposition step (corres-
ponding to about 38 % mass loss) was investigated by NMR, X-ray diffraction, IR and 
HPLC. Surprisingly all methods seem to confirm the identity of the solid RP with the 
initial compound FOX 7. Consequently the compound decomposing in the first step is 
assumed to be a less stable amorphous fraction of FOX 7. 
 

1 Aim 

FOX 7 is an impact insensitive high explosive with a performance comparable to 
RDX [1]. In TGA and DSC measurements its decomposition is observed only above 
200°C when “normal” heating rates are applied (about 5 K/min). The reported values 
of activation energy are unusually high [2]. For these reasons there is no doubt about 
a sufficient thermal stability of FOX 7 in nearly all situations of a high explosive in an 
ammunition’s lifetime.  
In extreme thermal stress however (e.g. ammunition in an open or nearby fire, as 
approximated by fast and slow cook-off tests) reaction kinetics may be useful.  
The RP remaining after the first decomposition step seems still to have characte-
ristics of an explosive and it is even more stable than FOX 7 itself. Therefore we tried 
to identify the product’s structure by several analysis methods. 
 

2 Experimental part 

2.1 DTA/TGA 
The measurements were performed in a simultaneous DTA/TGA-Analyzer (STA 429, 
produced by Netzsch, Selb, Germany) using 20 mg samples in open aluminium pans 
and an air flow of 50 cm3/min. 
 
2.2 Kinetics 
For calculations of kinetics we used a software module developed by OPFERMANN 
[3] (NETZSCH Advanced Software, Kinetics 2). This program allows the fitting of 
single or several step processes in which the steps can be linked as parallel com-



petitive or consecutive reactions. A detailed description of the program is also given 
in [4]. 
 
2.3 NMR 
NMR investigations were accomplished using a Bruker DMX 400WB NMR spec-
trometer with a proton resonance frequency of 400.13 MHz. The resonance fre-
quency of the 13C nucleus was at 100.62 MHz. The 15N spectra were measured at 
40.56 MHz. The substances were dissolved in Dimethylsulfoxid-d6 and examined 
at ambient temperature.  
 
2.4 X-ray diffraction 
The crystal lattice structure of FOX 7 samples were investigated by X-ray diffraction 
using an automated STOE transmission diffractometer. 
 

3 Measurements and results 

3.1 DTA / TGA 
Figure 1 shows a DTA/TGA-plot of FOX 7 when heated up with 5 K/min. The 
decomposition becomes detectable at about 210°C and ends in an explosion. 
With a heating rate of 1 K/min the high explosive decomposes in two exothermic 
steps, the first one producing more heat but a smaller mass loss (≈ 38 %) than the 
second (≈ 45 % mass loss). This plot is presented in figure 2. 

Figure 1. DTA/TGA of FOX 7 (heating rate 5 K/min) 
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Figure 2. DTA/TGA of FOX 7 (heating rate 1 K/min) 
 
For establishing decomposition kinetics we used dynamic TGA measurements with 
different heating rates and isothermal TGA at different temperatures (Figures 3 and 4). 

Figure 3. Dynamic TGA of FOX 7 (heating rates 0.1, 0.2 and 0.5 K/min) 

180 200 220 240 260 280 300
Temperature /°C

-3.0

-2.0

-1.0

0

1.0

2.0

DTA /(mW/mg)

0

50

100

150

200

TG /%

909 J/g 518 J/gDTA

TGA DTA Area: 1427 J/g

TG Inflection: 240 °C

↑  Exo

180 200 220 240 260 280
Temperature /°C

0

20

40

60

80

100

TG /%

0.1 0.2 0.5



Figure 4. Isothermal TGA of FOX 7 at different temperature (first step) 
 
3.2 Kinetics 
3.2.1 Selection of reaction types 
The isothermal TGA curves of the first step (figure 4) show inflection points (corres-
ponding to DTGA maxima) at relative low reaction degrees. The initial mass loss 
rates are greater than zero. Both characteristics strongly indicate an autocatalytic 
reaction of a high reaction order. 

Figure 5. TGA of the second reaction step at 240°C 
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For selection of the reaction type of the second step a TGA measurement was 
interrupted at the inflection point (see figure 2). The TGA of this RP at 240°C is 
presented in figure 5. The shape is typical for a non autocatalytic low order reaction. 
 
3.2.2 Assessment of activation energy 
The isoconversional (“model free”) FRIEDMAN-analysis [5] of the three dynamic TGA 
measurements shows a first maximum at about 250 kJ/mole corresponding to the 
first reaction step, and a long decomposition range of a nearly constant value of 
about 290 kJ/mole characterizing the second step (figure 6). The logarithm of the 
frequency factor is calculated for a first order reaction. It helps to enter into the 
calculations not too far away from the best fit.  
The same evaluation of three isothermal TGA curves representing the first reaction 
step only is shown in figure 7. In accordance with the dynamic experiments the 
maximum value is found at about 250 kJ/mole. 
 

Figure 6. FRIEDMAN-Analysis of dynamic TGA (0.1, 0.2 and 0.5 K/min) 
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Figure 7. FRIEDMAN-Analysis of isothermal TGA (190, 195 and 200°C) 
 

Figure 8. Two step kinetics fitting of dynamic and isothermal TGA data 
 

 

0 0.2 0.4 0.6 0.8 1.0
 Fract.Mass Loss

200

220

240

260

280

300

320
E/(kJ/mol)

16

18

20

22

24

26

28

lg(A/s -̂1)

 

0 200 400 600 800
Time/min

20

40

60

80

100

Mass/%

 0.50 K/min
 0.20 K/min
 0.10 K/min

200.1 °C
195.0 °C
189.9 °C



3.2.3 Calculation of formal kinetics 
The more experiments performed under different conditions are evaluated the more 
reliable is the resulting kinetics. Following this rule we fitted the dynamic and the 
isothermal TGA data simultaneously. The best result was achieved assuming the two 
steps to be parallel (which means two independently reacting compounds). The 
satisfactory (but somewhat confusing) fit is presented in figure 8. 
The kinetic equations used and the obtained parameter values are listed up in the 
appendix. 
 

Figure 9. Predicted decomposition of FOX 7 during a storage period of 10 years 
 
3.2.4 Stability predictions 
The obtained kinetics predict a mass loss of 3 % when FOX 7 is stored for ten years 
at 122°C (figure 9). In fact we assume that this prognosis is still conservative, 
because some recently performed experiments indicate an even slower decompo-
sition than predicted at lower temperatures. 
 
3.3 Investigation of the solid compound produced in the first decomposition step 
About 1 gram of the reaction product (RP) was produced by decomposition of FOX 7 
in the TGA apparatus at 185°C. The mass loss after 3 days was about 37 %, the final 
mass loss rate very slow. 
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3.3.1 DTA / TGA 
Measurements of FOX 7 and the RP are presented in figure 10. As expected the RP 
decomposes in one step only and at considerably higher temperatures. 
 

Figure 10. DTA / TGA of FOX 7 and RP (heating rate 0.5 K/min) 
 
3.3.2 NMR 
1H, 13C, and 15N NMR spectra of FOX 7 and its RP were measured. The NMR 
data are shown in table 1.  
 
Table 1: NMR data of FOX 7 and of the RP 

 1H chemical 
shift [ppm] 

13C chemical 
shift [ppm] 

15N chemical shift [ppm] 

FOX 7 8.55 157.9; 129.1 -24.0; -276.7 

RP 8.75 158.1; 128.1 -24.7; -271.8  
coupling constant 90.1 Hz ± 1.2 Hz 

 

FOX 7 shows the expected 2 signals in the 13C NMR spectrum with δ = 157.9 and 
129.1. In the 13C Gated NMR spectrum, no splitting of a 13C signal is visible. In the 
15N NMR, the nitrogen of the nitro group appears at δ = -24.0 and the nitrogen of 
the NH2 group is visible at δ = -276.7. The NH2 protons appear at δ = 8.55 in the 
1H NMR spectrum.  
The spectra of the RP are very similar to the spectra of FOX 7. The 13C NMR 
spectra are practical in agreement with the spectra of FOX 7. The small difference 
of the chemical shifts in the 1H NMR range is not significant since the protons are 
NH protons, which can exchange. These protons can be shifted easily in the 
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spectrum as a function of temperature and sample preparation. The NO2 group 
shows practically the same chemical shift in the 15N range. The second signal lies 
in an area, in which NH2 groups appear. This is confirmed by the splitting of the 
signal into a triplet. This means that two protons are connected to the nitrogen.  
All results confirm that the NMR analysis of FOX 7 and its RP show no significant 
differences. 

Figure 11. 1H NMR spectrum of FOX 7 (left) and RP (right) at 400.13 MHz in DMSO-d6 

 
Figure 12. 13C NMR spectrum of FOX 7 (left) and RP (right) at 100.13 MHz in DMSO-d6  

 
Figure 13. 15N NMR spectrum of FOX 7 (left) with decoupling at 40.54 MHz and RP 
(right) without decoupling at 40.54 MHz 
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3.3.3 X-ray diffraction 
The RP shows no solid phase transitions in DTA (see fig. 15). Therefore, if it is 
related to FOX 7 one must compare the high temperature (γ) phase, stable at 
temperatures above 170°C [6]. Surprisingly the X-ray spectra of both compounds  
are practically identical (figure 14) and correspond to the γ-phase. 
 

Figure 14. X-ray spectra of FOX 7 (below) and RP. 
 
3.3.4 IR and HPLC 
Similarly comparable results indicating practically no difference between FOX 7 and 
its RP were obtained by IR and HPLC. In addition the RP has the same elemental 
composition as FOX 7 itself [7] 
 
3.3.5 DTA/TGA after crystallization 
The conclusions from all results up to now are: 
1. FOX 7 and its RP show no differences when dissolved (NMR, HPLC) and must 

therefore consist of the same molecule 
2. At 175°C FOX 7 and its RP show no differences in X-ray diffraction and should 

therefore be even in the same solid phase at this temperature.  
Consequently what reacts in the 1st decomposition step must consist of FOX 7 
molecules which solid phase is not detected by X-ray analysis.  
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One possible explanation would be the presence of an amorphous fraction in the 
original FOX 7. In this case one should predict a variation of the amount of this 
fraction depending on the crystallization conditions. 
To check this FOX 7 and its RP were crystallized from acetonitrile (new solid 
products: FOX 7 Kr and RP Kr). 
As expected, the ‘frozen’ high temperature solid phase (RP) after crystallization 
shows again both solid phase transitions like the original FOX 7 (see fig. 15). 

Figure 15. Solid phase transitions of FOX 7, RP and RP Kr (heating rate 5 K/min) 
 

Figure 16. Mass loss of FOX 7, FOX 7 Kr and RP Kr (heating rate 0.5 K/min) 
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The mass loss of the first step (up to the inflection points which mark the step sepa-
ration) varies relatively by more than 20 % (see fig. 16). Comparable results were 
reported by GARMASHEVA et al. [8], who crystallized FOX 7 from acetone/water 
mixtures. These findings support the assumption of a varying amorphous fraction in 
FOX 7. 
 

4 Summary 

Due to the high temperature range of decomposition combined with very high values 
of activation energy FOX 7 is an extremely stable high explosive. This was confirmed 
and quantified by optimizing the kinetic parameters of the two step decomposition 
reaction. 
The attempts to explain the chemistry of the first decomposition step caused some 
confusion. All analytical methods applied (NMR, IR, HPLC and X-ray diffraction) 
came to the same result: The solid product of this first step (causing a mass loss of 
about 38 %) is identical with the initial FOX 7. A presence of an amorphous fraction in 
the original high explosive would explain all our results without contradiction. 
This speculation may, but must not be true. To gain a certain judgement further 
investigations as tempering of the solid and crystallization in different solvents under 
various conditions are necessary. 
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Appendix 
Kinetics of the thermal decomposition of FOX 7 
Two parallel reactions  reaction 1: A → B 
    reaction 2: C → D 

General equation  kfdtd )(αα =        (1) 

   α = fractional reaction degree 
   dα/dt = reaction rate [s-1] 
   k = reaction rate constant [s-1] 

Arrhenius equation RTEeAk −= *         (2) 

   A = frequency factor [s-1] 
   E = activation energy [kJ/mole] 
   T = temperature [K] 
   R = gas constant (0.0083143 kJ/(K*mol)) 

Selected model for reaction 1: ( ) ( ) ( )ααα *1*1 af n +−=     (3) 

Selected model for reaction 2: ( ) ( )nf αα −= 1      (4) 

     n = reaction order 
     a = autocatalysis constant 

transformation for mass loss form:  eMM=α      (5) 

transformation for heat generation form HQ ∆=α      (6) 

     M = mass loss [%] 
     Me = mass loss when reaction is complete [%] 
     Q = heat released [J/g] 
     ∆H = heat released when reaction is complete [J/g] 

 

Optimal parameter values (index 1 and 2 for reactions 1 and 2) 
A1 = 1.0148E23      A2 = 2.3052E26 

E1 = 250.060      E2 = 304.540 

n1 = 2.853       n2 = 0.462 

a = 46.57       Me,2 = 42.1 

Me,1 = 41.2        

 

Correlation coefficient = 0.99926 

Standard deviation 1.45 % (absolute) 

 

Approximated values for heat generation calculations (see fig. 2) 
∆H1 = 909 J/g 

∆H2 = 518 J/g 
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