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ABSTRACT 

0 S.T I 
In previous work, the isothermal decomposition of nitrocellulose (NC) was examined using two substantially 

different experimental techniques that are being developed to investigate condensed-phase chemistry occurring during 
the thermal decomposition of a variety of explosives. The confined isothermal aging technique involved confined thin- 
film samples heated to temperatures of 150 to 170' C, for 1 to 72 hours. Condensed-phase chemistry was monitored 
real-time using FTIR. Results indicated that the first step in decomposition was scission of the O-NO2 bond and 
subsequent formation of carbonyl and hydroxyl products. Scission of the O-NO2 bond appeared to occur by a first- 
order reaction. The Arrhenius expression for the first-order reaction rate constant was evaluated from the experimental 
data. The unconfined rapid isothermal decomposition technique involved both high speed-photography and time-of- 
flight mass spectrometry (TOMS). Results from this technique were limited but appeared consistent with the results 
from the confined isothermal aging experiments. Additional unconfined rapid isothermal decomposition experiments 
with NC have been completed and are described in this paper. Those additional experiments extended the previous 
work and investigated the effect of varying frlm thickness (from about 0.2 to 0.6 microns), varying temperature (from 
about 420 to 640' C), and using 15N02-labeled NC. The results indicated that decomposition of NC appears to involve 
at least two principal mechanisms: (1) 0-NO2 bond scission, which is accompanied by carbonyl or hydroxyl 
formation, and (2) polymer fragmentation. These two mechanisms occur simultaneously. At temperatures of 170' C, 
or lower, polymer fragmentation appears negligible, but at temperatures of 420' C, or higher, polymer fragmentation 
is appreciable and occurs at rates comparable to those for 0-NO2 bond scission. While polymer fragmentation may be 
associated with 0-NO2 bond scission, at higher temperatures, additional steps must be involved in the fragmentation 
mechanism. At each end of the temperatures range from about 150 to 420' C, the rate of O-NOz bond scission appears 
reasonably consistent with a mechanism dominated by a first-order decomposition step. However, at temperatures of 
about 420' C and higher, additional reactions involved with 0-NO2 bond scission appear to begin affecting the overall 
rate of reaction. 

INTRODUCTION 

To develop predictive models for the response of weapon systems to abnormal thermal environments, such as 
cookoff, an improved understanding of the temperaturedependent decomposition chemistry of a variety of explosive 
materials is needed. While much work has been done to investigate gas-phase chemical reactions accompanying 
decomposition and combustion of energetic materials, relatively little work has been done to investigate reactions 
occurring in the condensed phase, primarily because condensed-phase reactions are inherently difficult to study 
directly. As aresult, current knowledge of condensed-phase decomposition chemistry is generally inadequate for use 
in numerical models for predicting weapon system response. The objectives of the work described in this paper have 
been to develop experimental techniques for studying condensed-phase chemical reactions, to apply those techniques 
to materials of practical importance, to determine decomposition mechanisms, and to develop rate expressions for use 
in numerical models predicting weapon system response. 

Two experimental techniques, based on the use of thin-film samples, are being developed to examine condensed- 
phase chemistry. The first technique described below is referred to as confied isothennal aging and involves sam- 
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pies, 1 to 5 microns thick, that are confined to maintain intimate contact between decomposition products and unre- 
acted material. Reaction temperatures are generally below the temperature of the DTA exotherm for the energetic 
material, and reaction times are typically 1 to 72 hours. Condensed-phase chemistry is monitored directly using FTlR 
for real time analysis. The second technique is referred to as unconfined rapid isothermal decomposition and involves 
samples that are 0.1 to 1.0 micron thick. Reaction temperatures are well above the temperature of the DTA exotherm 
for the material, and reaction times are typically 0.1 to 2 milliseconds. Gas-phase products that evolve from the 
unconfined samples should be indicative of initial decomposition mechanisms and are monitored real-time using 
timeof-flight mass spectrometry (TOWS) and high-speed photography. 

Results from preliminary confined isothermal aging experiments involving NC, HMX, and HMX-NC composite 
samples that were examined postmortem using conventional infrared spectroscopy were discussed in a previous 
paper.' Those experiments provided insight into decomposition mechanisms, but acquisition of data for detailed anal- 
yses was inconvenient using postmortem sample analysis. In subsequent work? the experimental technique was 
improved so that a single sample could be analyzed real-time using FTlR during the entire experiment, and a series of 
confined isothermal aging experiments was done with NC at temperatures of 150 to 170' C. Additionally, unconfined 
rapid isothermal decomposition experiments were done using TOMS and high-speed photography to monitor the 
decomposition of NC samples at temperatures of about 420 and 450' C. 

Data from the confiied isothermal aging experiments using FTIR indicated that the first step in decomposition 
of NC was scission of the 0-NO2 bond and subsequent formation of carbonyl and hydroxyl products? However, the 
carbon-oxygen polymer backbone appeared to remain intact. Scission of the 0-NO2 bond appeared to occur by a 
first-order reaction, and an Arrhenius expression for the first-order reaction rate constant was evaluated from the 
experimental data. Furthermore, reaction rate constants predicted using that Arrhenius expression appeared consis- 
tent with those calculated using data from unconfined rapid isothermal decomposition experiments that were done 
using both timeof-flight mass spectrometry (TOWS) and high-speed photography?. Mass spectra obtained from 
experiments at 420' C indicated that NO2 formation and, therefore, scission of the O-NO2 bond occurred by a 6rst 
order reaction, the rate constant for which was evaluated from the experimental data. A rate constant for global, 
pseudo-first-order decomposition of NC at 450' C was also estimated from the high speed photography results. The 
rate constants from both TOWS and high-speed photography results agreed reasonably well, within a factor of two, 
with rate constants at 420 and 450' C that were predicted by the Arrhenius expression developed using data from the 
confined isothermal aging experiments. 

This paper discusses results from additional unconfined rapid isothermal decomposition experiments that were 
done with NC. These experiments investigated the effect of varying film thickness (from about 0.2 to 0.6 microns), 
va&ng temperature (from about 420 to 640 'C), and substituting '5N02-labeled NC (15NC) for ''N02-nitrated NC 
(I4NC). 

EXPERIMENT 

The preparation of thin-film samples of a variety of explosives has been discussed previously? The NC samples 
used in the experiments described in this paper were prepared with tungsten substrates (about 50 microns thick) that 
were spin coated using an ethyl acetate solution of NC. The experimental equipment and procedures for the confined 
isothermal aging experiments2 and the unconjined rapid isothermal decomposition experiments4 were described pre- 
viously and are only briefly described below. 

In confined isothermal aging experiments, a sample of the energetic material, about 1 to 5 microns thick, is 
deposited on an infrared transmitting window, such as BaF2. A thin aluminum, or other soft metal, gasket is placed 
around the film, and a second window is placed over the gasket The two windows are pressed against the gasket 
using bolted flanges. The assembled sample is hserted in an IR cell equipped for controlled heating. A thermocouple 
attached to one of the flanges is connected to the cell's temperature controller. The IR cell is then placed in the sample 
compartment of a Nicolet Magna 750 FTIR. Infrared spectra are acquired real-time at elevated temperature and are 
used to monitor condensed-phase chemistry. Physical effects, such as liquefaction, that can occur in the samples are 
monitored using a video camera and'recorder. 



In the unconfinedrapid isothermal decomposition experiments, a thin-film of the energetic material, about 0.1 to 
1.0 micron thick, is deposited on a thin, inert substrate, usually tungsten foil, about 50 microns thick. The opposite 
side of the substrate is roughened so that the absorbance of that side is about 0.75 at the wavelength of the laser used 
to heat the substrate.The sample is positioned in the time-of-flight mass spectrometer so that gases evolving from the 
heated sample can directly enter the ionization chamber of the spectrometer. The substrates are heated using a flash- 
lamp pumped dye laser having a 2.5 microsecond pulse width -. The calculated thermal equilibration time 
for a 50-micron thick tungsten substrate is about 40 microseconds, and the calculated equilibration time for the sam- 
ple film is about 1 microsecond or less. Therefore, the sample temperature is essentially the temperature of the sub- 
strate, which can be monitored with an infrared detector array. The gases evolving from the sample should be 
indicative of initial decomposition mechanisms and are monitored real-time with the time-of-flight mass spectrome- 
ter, which can acquire spectra as fast as 30 WZ. Physical effects in the samples and independent estimates for global 
reaction times are examined in separate analogous experiments using high-speed photography to monitor the Elm 
after irradiating the substrate with the laser. 
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To examine how the,thkkness of the sample film affected the temporal behavior of the TOMS ion signals 
obtained in unconfined rapid decomposition experiments with NC, a series of experiments was done in which the 
thickness of the sample film was varied from about 0.2 to 0.6 microns and the temperature fiom about 420 to 640' C. 
The net result fiom these experiments was that the magnitude of the individual ion signals increased with increasing 
sample thickness; however, the magnitude of each ion signal relative to the other signals showed little temporal 
variation, except at longer times where signals from the thicker samples appeared to decay slower. 

Moderate 

Weak 

To examine how temperature affected the temporal behavior of the ion signals obtained in experiments with NC, 
a series of experiments was done in which samples, about 02microns thick, were prepared using both 14NC and 15NC, 
and the temperature again varied between 420 and 640' C. Table 1 shows the mass-to-charge ( d z )  ratios at which ion 
signals that were significantly greater than noise were observed with the 14NC samples. 

27,31,43,44,57 

14, 15, 16, 17, 18,38,39,42,45,47,58,69,71 

Table 1: Ion Signals from Experiments with 14NC. 

d Z  I 

Table2 lists the possiblepositiveions corresponding to the strong andmoderatedz values given in Table 1. Next, 
Table 3 shows themass-to-charge (m/z) ratios at which ion signals significantly greater than noise were observed with 
the 15NC samples. The only significant change due to 15NC was that m/z=31 and m/z=47 greatly increased in relative 
signal intensity, while m/z=30 and m/z=46 greatly decreased. This indicated that in the experiments with 14NC, d 
z=30 w q  due to mostly I4NO+; m/z=46 was mostly due to l4NOZ+, and the other strong d z  values (28 and 29) and 
the moderate values (27,3 1,43,44, and 57) were all due to ions containing only C,H, and 0. 

Furthermore, based on the structure of NC (Fig. l), the molecular and fragment ions produced from decomposition 
products probably would have a WC ratio between 1 and 2, and an O/C ratio of about 1 or greater. In which case, the 
following ions in Table 2 appear unlikely to occur due to their WC and O/C ratios: GH6",GH~+, GH7', GH50+, 
and C4H9+. Additionally, the nitrogen-containing ions in Table 2, other than NO+ and NO2+, are unliiely to be present 



because the ion signals at the respective d z  values showed little change between experiments with 14NC and "NC. 
Therefore, the molecular or fragment ions corresponding to the strong and moderate d z  values showwin Table 1 are 
probably those shown in Table 4. 

Table 2: Possible Ions Corresponding to m/z Values in Table 1. 

d Z  Possible Ions 

28 N2+, GH4+, CHZN', CO+ 

I 29 I 

I 27 I C2H3+, CHN+ 

I 31 I CH30+, HNO+, CHsW 

GHSO+, C4H9+, %HO2+, C3H7N+, GH3NO+ I 57 I 
Table 3: Ion Signals from Experiments with 15NC. 

Relative Intensity d Z  

Strong 28,29,31,47 

Moderate 27,30,43,44,57 

Weak I 14, 15,16, 17, 18,38,39,42,45,46,58,69,71 I 
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Fig. 1. Structure of NC. 
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Table 4: Most Likely Ions Corresponding to m/z Values. 

d Z  Probable Ion 

28 C2H4+, CO+ 

I 29 I CHO+ 

I 30 I CH20' (small), NO+ 

46 CH202+ (very small), NO," 

I I 27 w 3 +  

I 31 !I CH30+ 

I I 43 

1441 
I 57 I 
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Fig. 2. Relative intensity of strong ion signals. 



The temporal behavior of some of the ion signals from experiments with 14NC at 420' C are shown in Figs. 2 and 
3. The relative intensity of the (strong) ion signals at m/z=28,29,30, and 46 are shown in Fig. 2, and the relative 
intensity of the (moderate) signals at dz=31,43,44, and 57 are shown in Fig. 3. The strongest ion signal is at m/z=30, 
which is followed by the signals at m/z=46,29, and 28, respectively. To examine qualitatively the temporal behavior 
(correlation with respect to time) of each ion signal with respect to the other signals, the data for each ion signal shown 
in Figs. 2 and 3 were n o d e d  by dividing by the maximum value of the signal for each value of m/z. The normalized 
intensities for m/z=28,29,30, and 46 are shown in Fig. 4, and for m/z=31,43,44, and 57 in Fig. 5. The ion signals for 
m/z =28 and 29 appear to be highly correlated with respect to time. This strong correlation indicates that the signals 
are due to either different fragment ions from the same decomposition product or due to molecular or fragment ions 
from different decomposition products evolving at essentially the same rates. A weaker correlation appears to exist 
between the signals at m/z=30 and 46. This implies that some of the signal at m/z=30 and (or) m/z=46 resulted from 
two different decomposition steps. Similarly, the ion signals at m/z=28 and 29 appear to be somewhat temporally 
correlated with the signals atm/z=30 and m/z=46. 

At higher temperatures, the relative intensities and the temporal behavior of the normalized ion signals, both 
strong and moderate, given in Table 1 behaved similarly to those at 420' Cy except that (1) The intensity of the signal 
at m/z=46 decreased relative to the signals at m/z=28,29, and 30; and (2) the maximum signal occurred at earlier 
times as the temperature increased. At 570' C, themaximum signals occurred during the first data collection cycle (at 
0.2 ms) and indicated that decomposition was occurring faster than could be resolved with the TOFMS. 

The ion signals at m/z=30 and 46 were of particular interest, since they are related to the rate of NO2 evolution 
and, therefore, to the rate of 0-NO2 bond scission which was examined previously at lower temperatures using FTIR 
in confined isothermal aging experiments. If the signals at m/z=30 and 46 were entirely due to N02, the normalized 
ion signals should have been closely correlated with respect to time, and the ratio of the signal at m/z=46 to the signal 
at m/z=30 should have been 0.35, based on calibration of the TOFMS with NO, (note: the literature value is 0.36). 
The normalized ion signals for m/z=30 and 46 shown in Fig. 4 are not closely correlated with respect to time. Further- 
more, the ratio of the signal at m/z46  to the signal at m/z=30 varies considerably with time, as illustrated in Fig. 6, 
which shows results from experiments at 420,470, and 570' C. At 420' C, the ratio increases through a 
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Fig 3. Relative intensity of moderate ion signals. 

7 



Normalized Signal Intensity 
(8-Sample Average) 

0 
N 

P w 

x 

E 

P 
0 

s 

Normalized Signal intensity 
(8-Sample Average) - 

0 .  0 -8  R 



n 
0 
c9 
I1 ' 
N 
\ 

.E v 
\ n 
co 
-4- 
II 
N 
\ 

E v 
rc 
0 
0 .- + 
d 

0.7 

0.6 - 

0.5 -'I- T = 570 C - 

0.4 - 

0.3 - 

0.2 - 

0.1 - 
0.2 0.3 0.4 0.5 0.6 0.7 

Time (ms) 

Fig 6. Ratio of ion signal at m/z=46 to signal at m/z=30. 

a maximum value of about 0.7 and then decreases to about 0.35. At 470 and 570' Cy decomposition appeared to occur 
faster than could be resolved with the TOMS. However, the ratio of signals appeared to decrease rapidly to a value 
of about 0.25. Therefore, decomposition products in addition to NO2 probably contribute to the ion signals at m/z=46 
and 30. Since the dominant peak in the mass spectrum of NO and NO2 is at m/z=30, while the dominant peak in the 
spectra for lower molecular weight nitrate molecules5 is atm/z=46, the early decomposition of NC in the experiments 
at420' Cy and probably 470 and 570' Cy most likely involves the evolution of somenitrate containing products as well 
as NO2 and carbon-hydrogen-oxygen decomposition products. 

' ,  

DISCUSSION 

A detailed analysis of the TOMS results presented above is beyond the scope of this paper. However, some 
qualitative observations can be offered. In particular, the decomposition of NC appears to involve at least two principal 
mechanisms: (1) 0-NO2 bond scission, which is accompanied by carbonyl or hydroxyl formation, and (2) polymer 
fragmentation. These two mechanisms occur simultaneously, as illustrated schematically in Fig. 7. 

O-N02 bond scission occurred by a first order reaction having a rate constant given by the Arrhenius expression 
The previously reported confined isothermal aging experiments indicated that at temperatures of 170' C or less, 

k = 4.7 X 1017 (s-l) exp - ( 43kc:m01e) 

However, the FTIR spectra indicated that polymer fragmentation was negligible, which was supported by the fact that 
the experiments produced a tenacious residue. 
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-[ CH2(CHO)51a-+-[CH2(CHO),]b-+ .... 

n3N02 + -[CH2(CH0)5]n- 

Fig 7. Schematic diagram of two principal NC decomposition mechanisms. 

Results from the unconfined rapid isothermal decomposition experiments reported in this and a previous pape? 
indicate that polymer fragmentation is substantial at temperatures of about420' C and higher. This conclusion is based 
on: (1) the previously reported high-speed photography work that showed progressive disappearance of the samples, 
(2) the fact that no residue is left on the substrates after the experiments, and (3) the apparent presence of some nitrate- 
containing decomposition products, as well as carbon-hydrogen-oxygen decomposition products, in the currently 
reported experiments. 

The identification of the principal steps involved in polymer fragmentation is currently being pursued. At 
temperatures of 420' C and above, polymer fragmentation appears to occur at rates comparable with the rates of 0- 
NO; bond scission, as indicated by the temporal behavior of the ion signals in Figs. 2 to 5. This result may indicate 
that polymer fragmentation is associated with 0-NO2 bond scission. However, one or more additional steps must be 
involved since polymer fragmentation is negligible at temperatures of 170' C or less. 

Finally, the rate of 0-NO2 bond scission at temperatures of about 420' C and above may involve more than a first- 
order decomposition step, since the ion signals at m/z=30 and 46 tend to initially increase with time before decaying 
at rates which appear consistent with first order processes. The rate of decay is slower, by about a factor of 2, than 
would be predicted for a first order process having arate constant given by the above Arrhenius expression. The slower 
rate may result from scission of the O-NOz bond being a reversible process, and possible mechanisms to explain the 
rate of 0-NO2 bond scission at higher temperatures will be investigated in future work 

CONCLUSIONS 

Decomposition of NC appears to involve at least two principal mechanisms: (1) 0-NO2 bond scission, which is 
accompanied by carbonyl or hydroxyl formation, and (2) polymer fiagmentation. Experiments with 15NC indicated 
that 0-NO2 bond scission produces NO2 and CHO-containing decomposition products, and that polymer 
fragmentation probably produces nitrate-containing products. However, formation of CHNO-containing 
decomposition products appeared negligible. Both 0-NO2 bond scission and polymer fragmentation probably occur 



simultaneously. At temperatures of 170’ Cy or rower, polymer fragmentation appears negligible, but at temperatures 
of 420’ Cy or higher, polymer fragmentation is appreciable and occurs at rates comparable to those foro-NO2 bond 
scission. While polymer fragmentation may be associated with 0-NO2 bond scission, at higher temperatures, 
additional steps must be involved in the hgmentation mechanism. At each end of the temperature range from about 
150 to 420’ C, the rate of 0-NO2 bond scission appears reasonably consistent with amechanism dominated by a fmt- 
order decomposition step. However, at temperatures of about 420’ C and higher, additional reactions involved with 
O-NOz bond scission appear to begin affecting the overall rate of reaction. 
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