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ABSTRACT 

The thermal decomposltlon of mtroguamdme has been studied using accelerating rate 
calonmetry The expenmental data have been treated by three methods to evaluate the 
activation energy and frequency factor Two methods using data gathered dunng the 
complete reaction yield very lugh activation energies while the value estimated using only the 
measurements m the lmtlal stage of the decomposltlon 1s much lower Neither dilution of the 
sample with inert matenal nor substitution of mtrogen for an m the sample bomb had any 
significant effect on the rate of the decomposltlon Rate constants were compared wth those 
reported m previous studies and it 1s concluded that a slgmflcant change m the mechamsm of 
decomposltlon occurs m the nelghbourhood of 160 o C 

INTRODUCTION 

Nltroguamdme 1s an important ingredient m triple base propellants It 
exists m two forms, (Y and p, whxh melt at the sample temperature, 232”C, 
although higher melting points, 246 and 257” C, have been reported [l] 
DTA studies of fipper and Krlen [2] suggested that the (Y form begins to 
decompose at 187’ C, while the /3 form decomposes at 205 o C The density 
of the ordinary commercial mtroguamdme 1s about 0 3 g cme3 Many tests 
concerning the properties of mtroguamdme have been performed by the 
U S Army Matenal Command [3] 

From the thermal decomposltlon of mtroguamdme m the range 
190-24O”C, the mam gaseous products are N,O, H,O, NH, and CO,, 
accompanied by a large quantity of solid products Stals and Pitt [4] 
discussed the structure and reactivity of mtroguamdme and concluded that 
mtramolecular hydrogen bonding was stronger than mtermolecular hydro- 
gen bonding They proposed a mechanism mvolvmg two pathways The fn-st 
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decomposltlon pathway involved mtrarmde (NH,NO,) and cyanarmde 
(NH&N) as intermediates, whle mtrocyanarmde (H y--EN) was the 

NO, 
intermediate from the second pathway 

Studies of the decomposltlon by thermoanalytlcal techniques showed that 
a single exotherm occurred at 250 o C [5] whle a thermogravlmetrlc study [6] 
showed that the lmtlal we&t loss began at 220°C Rogers [7,8] measured 
an activation energy for decomposltlon by the DSC technique of 21 kcal 
mol-l 

Volk [9] identified the sohd products and analysed the gaseous products 
of mtroguamdme decomposltlon by mass spectrometry He found that N,O 
and NH, were the mam gaseous products and their ratio was temperature 

dependent The solid residue at 130” C, melamme 
I II 
N\\C/N 

I 

Ho\ C//N\C/NH2 tiHp 

and ammehne I II 
N\\C/N 

was analyzed using HPLC Up to 60- 

I 
i4Hq 

70% weight loss occurred durmg decomposltlon From the measurements of 
the rate of weight loss, an activation energy of 51 6 kcal mol-’ was 
obtained The decomposltlon was strongly affected by confinement 

Taylor and Andrews, [lo] used the flowing-afterglow spectroscopy tech- 
nique to study the solid phase thermal decomposltlon reaction NH,, H,O, 
N,O and CO, evolved from mtroguamdme were analysed by momtormg the 
emsslon of NH*, OH*, N,O+ and CO: Activation energes m the range 
70-110 kcal mol-’ and correspondmgly high frequency factors m the range 
1030-1050 see-’ were obtained from the measurements of the rate as a 
function of temperature They suggested that autocatalytlc evolution of 
gases may lead to violent decomposltlon above 160 ’ C After ths phenome- 
non occurred once, the activation energy reduced to 25-35 kcal mol-‘, with 
frequency factor m the range 105-lo7 set-’ 

Few studies of the kinetics of the decomposltlon have been attempted 
Because of the complexity of the reaction, the kmetlc parameters which have 
been reported are difficult to interpret m terms of the mechanism of the 
decomposltlon The present work describes the decomposltlon of 
mtroguamdme m the accelerating rate calorimeter The effects of sample 
size, confinement of gaseous products, composltlon of the atmosphere and 
dllutlon have been mvestlgated Methods for determmmg the actlvatlon 
energy from the data, followmg the equations derived by Townsend and Tou 
[ll], were exammed 
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EXPERIMENTAL 

Apparatus 

The accelerating rate calonmeter was introduced as an approach for 
hazard evaluation of exothermlcally reactive materials The container and 
the sample are mamtamed m an adiabatic environment Heat generated 
from the decomposltlon reaction does not dissipate to the surroundmgs and 
the decomposltlon proceeds as a self-accelerating reaction The instrument 
used m the present experiments was developed at Dow Chermcal Company 
and manufactured by Columbia Sclentlflc Industries of Austin, Texas A 
detailed descnptlon of the instrument design and operation logic can be 
found m the literature [ll-141 Some modlflcatlons to the ARC to resolve 
problems m sample loading and pressure measurements have been described 
elsewhere [15,16] 

The thermal decomposltlon of mtroguamdme was studied using the 
Hastelloy C, 1 mch diameter, spherical bomb with the filler tube of 3/16 
mch 0 D and l/2 mch length For the confined system, the bomb was 
connected to a pressure transducer and the pressure was monitored 
throughout the reaction For the non-confined system the bomb was only 
loosely connected to the transducer and the gaseous products were allowed 
to escape In most of the experiments the bomb was filled with air at 
atmospheric pressure Some experiments were performed m an atmosphere 
at N, The thermal mertla ranged from 9 4 to 23 4, obtained by using 
weights of sample between 0 2 and 0 5 g In some experiments mtroguam- 
dme was diluted with silica m ratios 1 1, 1 2 and 1 5 

Experiments were performed using the heat-wait-search method The 
sample and the container were first heated to 100’ C and held for 30 mm to 
ensure thermal equlhbrmm before the rate-search step After the wait 
period, it the self-heat rate 1s less than the detection hn-nt, 0 02” C mu-‘, the 
ARC proceeds automatically to the next preselected temperature When an 
exotherrmc reaction was detected, the calorimeter was maintained m an 
adlabatlc condltlon and the measurements of time, temperature and pressure 
were collected and stored m the microprocessor 

Materials 

H-N-NO, 

Nltroguamdme (H N=C-NH,) with mmlmum purity 99% and average 
particle diameter 6 O-4 3 nucrons, was from Nlgu Chemle, Waldkralburg, 
West Germany The material was stored at room temperature with no 
further purlflcatlon Mica, 240 mesh, was obtained from Fisher Sclentlflc 
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RESULTS 

Effect of confkement 

In the confined system, the decomposltlon commenced between 161 and 
165 o C, depending on the values of the thermal inertia The time to maxi- 
mum rate was short and the rate of pressure increase was fast The results 
are summarized m Table 1 and an example of the self-heat rate as a function 
of l/T 1s shown m Fig 1 The total adiabatic temperature nse was m the 
range 15-17” C After reaction, the percent weight loss was approximately 

60% 
In the non-confined system, with sample size 0 25 g, the onset of decom- 

posltlon was detected at about 200 o C and the self-heat rate was slow The 
increase m temperature was too small to allow an analysis of the data and 
the results from these expenments were not considered further As observed 
m previous studies, confinement strongly affects the decomposltlon [9] 

Effect of atmosphere 

In these expenments the bomb was purged with nitrogen for 15 mm, 30 
mm and 20 h respectively The results are included m Table 1 No difference 
m the results of these experiments and those under air atmosphere were 
observed Decomposltlon commenced about 161” C and the adiabatic tem- 
perature rise for the total calorimeter system, AT,,,, was m the range of 
14-18”C, depending on the values of the thermal inertia 

These results show that oxygen does not affect the rate of decomposltlon, 
either through secondary reaction of reactive intermediates or through 
additional heat release from oxldatlon processes 

Effect of drluent 

To reduce the rate of decomposltlon and thereby improve the kmetlc 
analysis, the sample was diluted with s&a A 0 3 g sample of mtroguamdme 
was nuxed with silica m ratios of 1 1, 1 2 and 1 5 After thorough rmxmg 
each rmxture was tested mdlvldually by the step heat method m a confined 
system under air atmosphere 

The thermal inertia, $I, 1s defined as follows 

for a pure compound 

M&J 
+ = 1 + M,C”, 

for diluted material 
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100 120 160 200 240 260 

Temperature, “c (Scale VT OK) 

Fig 1 Self-heat rate as a function of l/T for mtroguamdme Confined system, au 
atmosphere A, $J = 17 7, 0, dilution of mtroguamdme with slhca, 1 2, r#~ = 18 7 

where M and C, refer to mass and specific heat at constant volume 
respectively The subscripts b, s and d refer to bomb, sample and dlluent, 
respectively 

The results of one of these expenments 1s shown m Fig 1 and all the 
results are included m Table 1 Dilution with slhca apparently had no effect 
on the pattern of decomposltlon 

Calculation of the actwatlon energy 

In this study, the activation energy of decomposltlon of mtroguamdme 
was calculated followmg the three methods whch were derived by Towns- 
end and Tou [ll] The experiments m the non-confined system had very 
short exotherms which did not provide enough data for the determmatlon of 
the activation energy Only the data from the confined system were analysed 

(a) Calculation from k* 
The estimation of the Arrhemus parameters from the plot of k* against 

l/T was the simplest approach, since the curve was plotted automatically 
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t I I I I 1 

227 2 28 229 230 

1000 K 
T 

Fig 2 log k* as a function of l/T Confined system, air atmosphere, + = 17 7 

from the n-ucroprocessor of the ARC Assuming a first order reaction, k* 1s 
defined as 

where T IS the temperature, mT 1s the self-heat rate at that temperature and 
TF 1s the final temperature In the decomposltlon of mtroguamdme, the 
self-heat rate increased very rapidly, giving a very steep slope, a high 
activation energy, and a correspondmgly lzlgh value for the frequency factor 
The results are included m Table 1 and an example of an Arrhemus plot IS 
shown m Fig 2 

(b) Calculation from time to maximum rate 
The relation between the time to maximum rate and the absolute temper- 

ature was discussed by Townsend and Tou [ll] For reactions with actlva- 
tlon energes greater than about 50 kcal mol-‘, the time to maximum rate, 
B,, could be expressed m the Arrhemus form 

where E IS the actlvatlon energy, and A 1s the frequency factor The time to 
maximum rate was plotted as a function of l/T and a typical result IS 
shown m Fig 3 The slope was determmed by linear regression The 
activation energies and the frequency factors determmed by this method 
were m agreement with those obtained from method (a) with a similar range 
of uncertamty 
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, 1 
2 290 

I 
2 295 2 300 2 305 

1000 K 
T 

Fig 3 Time to maxlmum rate as a function of l/T Hastelloy C bomb, confined system, air 
atmosphere, @ = 18 6 

0 

ooe 
158 160 162 164 

Temperature, “C 

166 

Fig 4 Self-heat rate as a function of temperature m the mltlal stages of the 
Hastelloy C bomb, confined system (A) Air atmosphere (B) Nitrogen atmosphere 

reaction 
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TABLE 2 

Calculation of the activation energy for decomposltlon of mtroguamdme from the relation 

between the self-heat rate, the temperature and the thermal inertia 

Thermal inertia Activation energy 

$1 G2 
(kcal mol-‘) 

Air atmosphere 17 7 20 9 21*1 

N, atmosphere 18 6 23 4 22+-02 

18 6 22 6 17*05 

(c) Calculation from the metal rate 
For determmatlon of the activation energy by methods (a) and (b), data 

from the complete course of the reactlon were used For method (c), also 
described by Townsend and Tou [ll], only data from the mltlal stages of the 
reaction are used For tlus method temperatures are determined at constant 
self-heat rates for experiments with different values of $I For an accurate 
estimation of these temperatures, the self-heat rate IS plotted as a function of 
temperature for each expenment Figure 4(A) shows these plots for the 
experiments under au atmosphere and Fig 4(B) shows the data obtamed 
under N, atmosphere The activation energy was obtained from the equa- 
tion 

where TI and T2 are the temperatures where a particular self-heat rate was 
observed with thermal mertlas rj+ and $Q respectively 

From the smoothed curves, values of TI and T, were estimated for 
self heat rates of 0 03, 0 04, 0 05 and 0 06 o C mn-’ The results are shown 

TABLE 3 

Measured actlvatlon energies for the decomposltlon of mtroguamdme 

Technique Temperature Actlvatlon Frequency Reference 
range energy factor, 

(“C) (kcal mol-‘) (log A (s-l)) 

Flowing-afterglow 160-180 

Isothermal 
DSC 
ARC 

~160 
110-240 
200-204 

160-180 
160-180 
160-168 

70-110 

25-35 
51 6 
20 9 

310 + 50 
300 + 40 

20+2 

30-50 

5-7 
21 2 

75 

155+25 
15Ok20 
- 

Taylor and 
Andrews [lo] 

Volk [9] 
Rogers [ 71 
Present work 
Method (a) 
Method (b) 
Method (c) 

. 
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m Table 2 Average values for the actlvatlon energy 
obtained by all three methods are given m Table 3 

DISCUSSION 

and frequency factor 

It 1s evident that apphcatlon of methods (a) and (b) gves an actlvatlon 
energy very different from that obtained by method (c) Such bgh values for 
log A and E would m ordinary circumstances be dlsnussed as meaningless 
and possibly all values of the actlvatlon energy outside normal requirements 
for bond-breakmg many be regarded as artlflclal Certamly, methods for 
extracting Arrhemus parameters from measurements of rates of decomposl- 
tlon made under non-isothermal condltlons have been questloned [17-201 
and have been shown to give erroneous results m some circumstances [21] 

Most of the methods, mcludmg those used here, assume that the rate of 
decomposltlon follows an Arrhemus dependence on temperature, whch 
implies that the decomposltlon follows the same path over the temperature 
range studied For methods (a) and (b) tlus range covers the complete course 
of the decomposltlon, whereas method (c) uses data from the mltlal stages 
only The large difference m actlvatlon energy therefore suggests that 
changes m the mechanism occur durmg the decomposltlon wlvch have a 
marked effect on the rate These changes drastlcally alter the empirical 
Arrhemus parameters to the pomt where they no longer descnbe a statlstlcal 
rate of passage over an energy barrier wlvch can be related to bonds broken 
and formed during the reaction 

Comparison of the present results with those obtamed m previous studies 
by other methods, summanzed m Table 3, reveals that a range of values 
almost as great as observed m the present experiments has been reported 
Interpretation of these results by comparison of the actlvatlon energies 1s of 
dubious value and mstead we have made direct comparison of the rate 
constants 

It appears that the results fall mto two groups, shown m Figs 5(A) and 
(B), where the values of the rate constants are shown m the temperature 
range where they were measured The fn-st group, shown m Fig 5(A), 
Includes the average of the present results, the isothermal measurements [9] 
and two measurements of the rate of productlon of N,O usmg the flowmg- 
afterglow techmque [lo] The second group, m Fig 5(B), mcludes the 
remainder of the results of the measurements by the flowmg-afterglow 
technique 

Leaving for the moment the questlon of the slgmflcance of two groups of 
data, both sets suggest that the mechamsm of the decomposltlon changes 
slgmflcantly at temperatures m the range 160-170° C Both sets of data 
fulfll, wlthm the uncertainty m the measurements, the condltlon outlined by 
Agrawal [22] which suggests a relation between the measurements from the 

. 
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” 
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$ 
B 

-6 

I I I I I I I 
20 22 24 26 28 30 

K 1000 
T 

Fig 5 Arrhemus plots for rate constants for decomposltlon of mtroguamdme (A) a, present 
results, b, flowing-afterglow method (N,O), c, Isothermal experiments (B) Flowing-afterglow 
method 

two ranges of temperature In both Figures data from the bgh and low 
temperature regons extrapolate to a common point of mtersectlon From 
Fig 5(A) the pomt 1s 160” C and from Fig 5(B) the point 1s 170°C All the 
measurements, mcludmg those presented here, show that the change m the 
rate constant with temperature 1s much smaller at temperatures below 
150 o C than it 1s at temperatures above about 160 o C The results reported 
by Volk [9], who analysed the products of the reaction over a wide range of 
temperature, mdlcated a snmlar change m mechamsm He suggested that at 
low temperatures the products of the reactlon mtiblted the decomposltlon 
and that at hqgher temperatures ammonia and water caused an autocatalytlc 
reaction 

The rate constants derived from the measurements by the two techniques 

used m the high temperature range are nevertheless very different and a 
much more rapld increase m the rate with temperature was observed from 
the measurements of the decomposltlon m the ARC These differences very 
likely arise through the over-amphflcatlon of the methods used to derive the 
rate constants and not to fundamental differences m the mechamsm of the 
decomposltlon m the high temperature regon In the ARC the self-heating 
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causes a very rapid acceleration of the temperature and any effects of 
autocatalysls will be strongly magnified The Arrhemus parameters may not 
by themselves be directly interpreted m terms of a mechanism, but they do 
mdlcate the occurrence of a lughly exothernuc complex reaction [23] 

Whether the difference between the two groups of data 1s slgmflcant or 
due only to experimental error, or error m derivation of the rate constants, 
cannot be resolved at this stage It seems apparent, however, that viewed 
separately, the mdlvldual measurements m Table 3 do not lead to any 
reasonable mterpretatlon of the decomposltlon process, but taken together 
they suggest a related cause or a common process which manifests itself to 
different extents under different condltlons of measurement 
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