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ABSTRACT 

The solid-phase thermal reaction chemistry of NTO between 190" and 250°C is presently being evaluated by 
utilizing STMBMS, a technique that enables us to measure the vapor pressure of NTO and to explore the reaction 
mechanisms and chemical kinetics associated with the NTO thermal decomposition process. The vapor pressure of 
NTO is expressed as Log,,p(torr) = 12.5137 + 6296.553(1/T& and the AHsuhl = 28.71M.07 kcal/mol (120.01M.29 
W/mol). The pyrolysis of NTO results in the formation of gaseous products and a condensed-phase residue. The 
identity of the major gaseous products and their origin from within the NTO molecules are determined based on the 
results from pyrolysis of NTO, NT0-3-I3C, NT0-1,2-1sN, and NTO-'H,. Identification of the products show the 
major gaseous products to be N,, CO,, NO, HNCO, H,O and some N,O, CO, HCN and NH,. The N, is mostly 
derived from the N- 1 and N-2 positions with some being from the N-4 and N- 1 or N-2 positions. The CO, is derived 
from both carbons in the NTO molecule in comparable amounts. The residue has an elemental formula of 
C,,,H,,,N,,O and FITR analysis suggests that the residue is polyurea- and polycarbamate- like in nature. The 
temporal behaviors of the rates of formation of the gaseous products indicate that the overall thermal decomposition 
of NTO in the temperature range evaluated involves four major processes: 1) NTO sublimation; 2) an apparent solid- 
solid phase transition between 190" and 195°C; 3) a decomposition regime induced by the presence of exogenous 
H,O at the onset of decomposition; and 4) a decomposition regime that occurs at the onset of decomposition and 
continues until the depletion of NTO. Decomposition pathways that are consistent with the data are presented. 

INTRODUCTION 

A study of the time-dependent thermal decomposition of 2,4-dihydro-5-nitro-3H- 1,2,4- 
triazol-3-one (NTO, I) in the solid phase provides information that is applicable towards: 1) 
evaluating the compatibility of NTO with other compounds; 2) understanding the chemical 
processes dominating NTO long-term degradation; and 3) applying the reaction chemistry into 
models to predict hazard response and the long-term stability of NTO. Many studies evaluating 
the solid-phase thermal-decomposition chemistry of NTO (m.p. - 268°C) have been conducted 
in the past few years, since the identification of NTO as a thermally stable insensitive high 
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explosive and the subsequent patenting of its synthesis.' Typical to many of the NTO solid-phase decomposition 
studies is the suggestion that a single reaction mechanism occurs by which NTO begins its transformation into the 
reaction products. The initial primary reaction mechanism most often proposed involves the homolysis of the C- 
NO, bond either by direct cleavage'" or by H-transfer to the C-N02 group and subsequent cleavage of the C-NO,H 
bond.' However the absence or only trace amounts of NO, and HONO detected in pyrolyzing NTO systems have left 
many in the community questioning whether the cleavage of the C-NO, and C-NO,H bond is the primary reaction 
mechanism initiating the decomposition of NTO.*.' The oxygenation of NTO via a bimolecular NTO reaction to 
form CO, has recently been proposed to explain the appearance of CO, when NTO is subjected to rapid heating by 
laser pyrolysis.' Despite these previous studies, it remains to be understood what reactions dominate the 
transformation of solid NTO into its pyrolytic products and control the release of energy. 

The objective of this study is twofold. First we seek to identify the reaction chemistry that dominates the 
solid-phase thermal decomposition of NTO. This information is pertinent to: 1) characterizing and assessing the 
amount of decomposition that occurs at low temperatures and evaluating the effect of this decomposition on the 
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performance and long-term aging characteristics of NTO systems; and 2) assessing the compatibility of NTO 
in a formulation with other materials. Second, we intend to develop a model that can predict the thermal 
behavior and extent of degradation of NTO at low temperatures. In this paper we present the time-dependent reaction 
chemistry of neat NTO in the solid phase between 190" and 250°C using the technique of simultaneous 
thermogravimetric modulated-beam mass spectroscopy (STMBMS). The results show that, in partially confined 
systems, the NTO undergoes both sublimation and decomposition processes. The vapor pressure and enthalpy of 
sublimation (AHsuhl) of NTO is measured and the thermal decomposition chemistry is evaluated. The identities and 
the rates of formation of the gaseous products are reported, as well as characteristics of the solid residue that is 
formed during the NTO pyrolysis. The data can be explained by competing reaction mechanisms occurring during the 
thermal decomposition of NTO. In the future, the pathways presented in this paper will be incorporated into a 
chemical kinetics model of the process. 

INSTRUMENTATION AND METHODS 

The STMBMS apparatus used to conduct the thermal decomposition experiments and the basic data analysis 
procedures have been described 
vapor pressure, consisted of heating a 2.7 mg sample from 20" to 180"C, at a heating ramp rate of l"C/minute, in an 
alumina reaction cell fitted with a 230p diameter orifice. For the decomposition reactions the alumina reaction cell 
is fitted with a 25p diameter orifice. The sample sizes used for decomposition experiments are 6-10 mg. 
Experiments were conducted at an isothermal temperature of 235°C unless otherwise noted. A nominal electron 
energy of 20 eV was used to minimize fragmentation of subliming NTO and the reaction products in the mass 
spectrometer. FTIR spectra of NTO was measured on a Nicolet Magna 750 FI'IR instrument with 4 cm-' resolution. 
The FIlR spectra of the residues were measured by a Nicolet (Nic-Plan) Microprobe with 8 cm-' resolution. 
Elemental analyses of the residues were performed by Huffinan Laboratories, Inc., Boulder, CO. 

MATERIALS 

The experimental procedures, used in this study for measuring the 

Unlabeled NTO (1; -99% pure) was obtained from Dr. R. McKenny at Wright Laboratory, Eglin AFB. 
Various NTO isotopomers are used in this study. The NTO-'H, (2), NTO-1,2-I5N2 (3) and NTO-3-l3C (4) were 
prepared by Prof. T. J. Burkey and Dr. L. Fan (U of Memphis, TN) and show greater than -98% purity by mass 
spectrometry. The procedure for the synthesis of NTO-1,2-15N2 has been p~blished.'~ Compounds were used as 
received. 

3gure 1. The a-NTO polymorph 
:rystal structure (reference 14). 

RESULTS AND DISCUSSION 

NTO CRYSTAL STRUCTURE 

Two NTO polymorphs, a and P, have been identified and reported 
in the literature along with their respective crystal structures and IR 
spectra.14 Unique to the a-NTO polymorph are IR-measured peaks of 
frequencies at approximately 1210,750 and 680 cm-'. FTIR measurements 
of the unlabeled NTO used in this study reveal peaks at these three 
frequencies indicating that the NTO is the a-polymorph. The H-bonding 
network of NTO likely influences the thermal reaction chemistry of NTO. 
The crystal structures published for the NTO polymorphs show H-bonding 
to exist between the carbonyl group of one NTO molecule to a ring 
nitrogen of an adjacent NTO molecule. The geometry of the H-bonding for 
a-NTO results in the NTO molecules forming ribbons as shown in Figure 

1. The geometry of the H-bonding for the P-NTO results in sheets of the NTO molecuyes. The NO, groups in both 
polymorphs are free of H-bonding. 

NTO VAPOR PRESSURE 

The vapor pressure @) and AHsuhl of the a-NTO polymorph is measured as a function of temperature between 
120" and 160°C from an NTO system undergoing the sublimation process. In this study the slow rate of heating and 
the large orifice diameter (230p) of the reaction cell used to measure the vapor pressure allows for the NTO to 
sublime without decomposition. The absence of thermal decomposition is verified by the temporal correlation of all 
the expected NTO daughter ion signals" to one another and by the absence of ion signals due to pyrolysis products. 
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The resulting STMBMS mass spectrum is used to evaluate the NTO vapor pressure by a method previously 
described."*" The resulting vapor pressure for a-NTO is expressed in equation 1. The A H s u h l ,  calculated from the 
Clausius-Clapeyron relationship, is presented in equation 2. 

Log,,p(ton) = 12.5137 + 6296.553(1/Tk) 
AH,,,, = 28.71 kcaVmol (k 0.07 kcaVmo1) 

The calculated AHsuhl is comparable to the activation energies reported in a previous study that measured the 
kinetics of an NTO sublimation process at 0.002 atmospheres between 134" and 160"C.4 The activation energies 
reported for the NTO sublimation process are 25.8 kcaVmol and 28.6 kcaVmol as determined by an isothermal and 
non-isothermal method, respectively. 

SOLID-PHASE ISOTHERMAL DECOMPOSITION CHARACTERISTICS 

At isothermal temperatures between 190" and 250°C NTO undergoes both sublimation and decomposition. 
The decomposition process produces both low molecular-weight gases and a condensed-phase residue. The identities 
of the products and temporal behaviors of their gas formation rates (GFR) from the pyrolysis of NTO at 235"C, 
which are characteristic of the temperature range used in the experiments, are presented in Figure 2. The following 
general characteristics are observed. The temporal behaviors of the GFRs of the decomposition products can be 
divided into two separate overlapping temporal regions. Region (1) starts with the onset of decomposition at 100 
minutes and ends when the GFRs fall and merge with the GFRs from Region (2) at approximately 150 minutes. 
Region (2) spans the entire decomposition of NTO from 100 minutes to 430 minutes and shows an autocatalytic 
behavior The remaining paper discusses the chemical processes that are responsible for the observed behavior of the 
GFRs of the decomposition products from NTO. 
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Figure 2. Temporal behaviors of the gas-formation rate! 
for the major gaseous products from the decomposition 0: 
8.6 mg of NTO at 235°C in a reaction cell fitted with : 
25p orifice. 
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IDENTIFICATION OF THE 
DECOMPOSITION PRODUCTS. The m/z 
values, relative percent abundance and identities of the 
pyrolysis products that result from the isothermal 
decomposition of NTO and the NTO isotopomers at 
235°C over the entire range of decomposition are 
presented in Table I. The data are corrected for 
contributions to the ion abundance from the daughter 
ions of the same m/z values that result from the 
ionization and subsequent fragmentation of subliming 
NTO in the mass spectrometer and are normalized to 
the amount of NTO used for the experiment. The 
abundant gaseous products are identified as CO,, NO, 
H,O, N, and HNCO. Less abundant products 
identified are N,O, CO, HCN, H,NCN, NH,, 
GH,N,O (1,2,4-triazol-5-one; TO), H,NCHO and 
qH3N303 (cyanuric acid). The NTO isotopomer data 
are used to discern between products of the same 
nominal mass, but which differ in their elemental 
composition such as CO and N, (dz=28) and CO, 
and N,O (m/z=44). The presence of CO, and N,O as 
products is indicated from the increased abundance of 
d s 4 5  in the data from compound 3 and is assigned 
to a minor presence of %NO (m/z=45). Likewise the 
presence of both N, and CO as products is also 
indicated from the data of compound 3 where the 
decrease in the d s 2 8  abundance is accompanied by 
an increase in the abundance of dz=29 (due to "NN) 
and dz=30 (due to "N,). The remaining abundance 
of dz=28 represents both CO and HC"N. 
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Table I. Thermal Decomposition Products from NTO at 235°C. 
Percent Relative Abundance' 

(compounds) 
1 23 3 4 product 

m / z 2  NTO NTO-2H, NTO-l,2-"N, NT0-3-I3C ion,formulu4 
17 0.3 I <.001 I 1.7 I 0.4 NH, 
18 11.8 I 0.5 I 13.1 15.3 H20 
20 14.9 
27 3.0 0.1 2.6 5.3 HCN 
28 11.0 9.9 3.9 8.4 N2 and CO 

NO, and 
2.3 HC0,H 

0.5 
1 .o 

86 1 .o 
87 1 .o 1.5 
129 0.6 <.001 1.6 0.3 C3H3N303 
130 <.001 <.001 <.001 
131 0.2 
M'. 130 132 132 131 C,H,N,O, 

'Data for each compound are 1) corrected for contributions from sublimation of NTO 
and 2) normalized to the amount of the compound used in the experiment. 

the NTO isotopomers are given at the end of the table. 

' Product formula describes the products from unlabeled NTO thermal decomposition. 

Ion abundance are relative to the molecular ion (M+.=lOO%). The d z  M'. values for 

Results are from a single experiment and &e tentative. 

The data presented in Table 
I provide insight into the origin 
of the major products, such as 
CO,, N, and HNCO, from the 
original NTO molecules by 
comparing the relative 
abundance of the various 
products originating from 
unlabeled NTO and its 
isotopomers. For example, the 
origin of CO, can be deduced 
from the data of compound 4. 
Comparison of the data for 
compounds 1 and 4 shows a 
relative decrease in the ion 
abundance at ds44 (CO,) and 
a comparable increase in the 
ion abundance at dz=45 
(13C02). This indicates that the 
carbon atom of CO, originates 
in comparable amounts from 
the C-3 and C-5 positions of 
the NTO molecule. Likewise, 
the origin of the nitrogen in N, 
is deduced from the data of 
compound 3. Comparison of 
the data for compounds 1 and 3 
shows a decrease in the relative 
abundance at d s 2 8  and a 
corresponding increase in the 
relative abundance at dz=30 
("N,) and m/z=29 ("NN). This 
suggests that most of the N, is 
formed from the N- 1 and N-2 
uositions and less is formed 

from crossover of the nitrogen atoms between the N-4 and N-1 or N-2 positions. Crckover of the nitrogen atoms in 
the formation of N, has been previously reported for the solid-phase decomposition of compound 3 and a ratio of 4.4 
to 1 between lSNz and "NN was deter~nined.'~ Using the same reasoning, the HNCO ( d ~ 4 3 )  is derived mostly 
from the N-4 nitrogen of NTO and the carbon is derived almost equally from the C-3 position and the C-5 positions 
of NTO. The HCN is derived mostly from the N-4 and C-5 positions, as is indicated from the relatively constant 
ion abundance at m/z=27 for compounds 1,3 and 4. 

The relative amounts of the various products formed in the thermal decomposition of NTO at 235°C are listed 
in Table II. The molar ratio of the major gaseous products are N2 (0.9), CO, (0.6), NO (OS),  H,O (0.3) and HNCO 
(0.2). The ratio of total moles of gaseous products formed per mole of NTO decomposed is 2.79. The thermal 
decomposition results in the NTO undergoing 48% decomposition and 52% sublimation. The NTO that decomposes 
into gaseous products and solid residue is 33% and 15%, respectively. 

Chemical characterization of the residue provides insight into the types of reaction intermediates involved in 
its formation. Some reports in the literature suggest that the NTO residue may consist of TO or polymerized TO, 
but later IR studies show that this is not the case.' However, some TO and the ammonium cation (NH;) have been 
identified as components of NTO residues formed at 250°C.'6 The presence of NH; indicates that there is an ionic 
component to the residues. Another study found that compounds similar to NTO form thermally stable residues, 
consisting of melamine-like compounds, during pyrolysis at temperatures below 450°C.'*'7 



Table II. Quantitative Analysis of the Major 
Decomposition Products from the Decomposition 
of NTO at 235 
Product 
N H 3  
HZO 

N2 

COZ 
N*O 
HzNCHO 
NO, 
To 

HCN 
co 
NO 
HNCO 

p N O ] ,  

. I  .. 
m/z 
17 
18 
27 
28 
28 
30 
43 
44 
44 
45 
46 
85 
129 

Mole Ratio' 
0.02 k 0.01 
0.27 f 0.01 
0.06 k 0.02 
0.13 f 0.01 
0.88 * 0.06 
0.52 k 0.02 
0.21 k 0.01 
0.58 k 0.03 
0.08 f 0.01 

<0.01 
0.02 * 0.01 

co.01 
<0.01 

~~ 

% gas products formed = 33.2 k 1.9 
% residue formed = 14.5 f 0.5 
% NTO sublimation = 52.3 k 1.9 
mole gas: mole decomposed NTO = 2.79 
' Data averaged from two isothermal decomposition 
experiments of unlabeled NTO at 235°C. 
* Mole ratio = mole of gas per mole decomposed NTO. 

In this study the NTO residues, formed at isothermal 
temperatures between 210" and 245"C, are a dark tan in color 
and resemble the physical shape of the initial NTO particles. 
Elemental analysis of the residues results in an empirical 
formula of C,,IH,,,N2,90. Residues having greater oxygen 
content have been reported.2s1h The FIlR analysis of 
residues, formed during isothermal decomposition 
experiments at 235°C and a 245"C, yield nearly identical 
spectra indicating that they are similar in composition. 
Strong peaks are observed in the FTIR spectra at frequencies 
of 3275,2920,2850, 1660, 1540 and 1450 cm-I. The peaks 
at 1660 and 1540 cm-' are the amide I and 11 bands and are 
characteristic of amide-like functional groups, such as ureas 
(R-NH-C(0)-NH-R) and carbamates (R-NH-C(0)-O-R).lR 
The presence of these functional groups in the residue is 
supported by peaks at 1450 cm-' (C-N stretch of amide-like 
compounds) and 3275 cm-I (N-H stretch). Tentative 
assignment of the peaks at 2920 and 2850 cm-' suggests that 
aliphatic C-H is present in the residue, however this is 
suspect considering the nature of the reactions. A notable 
absence of IR peaks at frequencies between 2400 and 2000 
cm-' (C=N stretching region) suggests that the C=N 
functionality is not a dominating characteristic of the residue 
and that the presence of TO or melamine-like components in 
the residue are at concentrations below the detection limits 
of the FTIR suectrometer. Using the STMBMS technique to 

examine the residues shows that gaseous products do not evolve belo\; -275"C, indicatiig that the residues are - 
thermally stable. The gas evolved from pyrolysis of the residue consists mostly of HNCO, with minor amounts of 
COz, NO and HCN. In addition, a small amount of TO is detected. Preliminary ion-chromatography data reveal the 
presence of the ammonium cation (observed in reference 16 as well) and the formate anion. The residue is a multi- 
component mixture and further work on its characterization is being conducted. 
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Figure 3. Temporal behaviors of the ion signals for 
NTO, CO, and N, as NTO is heated at the rate of 
l"C/minute. The change in the signal strengths and the 
correlated color change between -190" and 195°C may 
reflect a solid-solid phase change in NTO. 

TEMPORAL BEHAVIORS OF THE 
GASEOUS PRODUCTS The temporal 
behaviors of the GFRs of the decomposition products 
are discussed in terms of three characteristic features of 
the decomposition process. These features include the 
transition to the NTO reactive state and the 
decomposition of NTO in Regions 2 and 2, which 
was described previously. 

possibility of a solid-solid phase transition between 
190" and 197°C is suggested by the correlation of 
several qualitative observations in the NTO data 
observed in this temperature range and shown in 
Figure 3. The correlated features are: 1) a notable . 
increase of the NTO sublimation rate; 2) a change in 
color of the NTO; and 3) an accelerating rate of 
evolution of gaseous decomposition products (CO, 
and N,). The temperatures at which NTO undergoes a 
change in color are obtained by monitoring a sample 
of NTO contained in an open glass capillary tube and 
heated at a ramp rate of l"C/minute in a melting-point 
apparatus. These different colors are correlated to the 
temporal behaviors of NTO, CO, and N, that are 
measured by STMBMS when NTO is heated at a ramp 
rate of l"C/minute. At approximately 173°C the 

Change of the NTO Reactive State. The 
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appearance of CO, and N, are observed, along with the appearance of NTO and a change in the color of NTO from 
the white color of the pristine NTO to a light yellow color. This is followed by a marked increase in the signals of 
CO, and N, starting at 190°C that is correlated to: 1) an increase in the sublimation rate of NTO and 2) a second 
change in color of the NTO from the light yellow color to a canary yellow color. The change in the sublimation 
rate of NTO is consistent with the occurrence of a phase transition. However, when the sample is allowed to cool 
below 190"C, the color does not revert to the light yellow color, indicating that the process is probably irreversible. 
An irreversible process may not be surprising since irreversible decomposition accompanies the transition. The 
existence of a solid-solid phase transition has not been previously mentioned in the literature. We intend to 
investigate the possibility that NTO undergoes a phase transition from the a- to the P-polymorph near -19OoC, by 
measuring the FTIR spectra of the NTO as it passes through this temperature range and comparing the results to 
spectra reported for the two NTO-p~lymorphs.'~ 

An alternative explanation for the accelerating rate of thermal decomposition of NTO is that products, formed 
below 190°C, dissoIve within the NTO particles and lead to the loss of stability provided by the crystal lattice. This 
loss of stability would transform the NTO to a liquid that is less stable and starts to decompose. However, this does 
not appear to be the case for NTO. The decomposition of NTO at 192°C for 15 hours results in the formation of 
mostly CO, and NO as shown in Figure 4. The rate of formation of CO, is highest at the onset of decomposition 
and decreases with time. The uncorrelated temporal behaviors of the NO and CO, suggests that each product is 
associated with a different decomposition process. The decreasing rate of product evolution over the 15-hour period 
of data collection shown in Figure 4 indicates that the reaction is stopping. Thus, the decomposition rate of the 
process that initially started when the sample first reached 192°C decreases with time and does not lead to an 
acceleration of the decomposition rate. However, the temporal behavior of CO, suggests that the initial 
decomposition of NTO is caused by contaminants in the NTO crystal lattice. Once the contaminants are depleted the 
reaction ceases. The details of these processes will be discussed in the following sections. Understanding if the 
accelerating rate of NTO decomposition is initiated by a phase transition, or by the effects of the decomposition 
products on the NTO crystal, is important for predicting the long-term stability and performance of systems that use 
NTO. 

First Decomposition Period. The decomposition process that occurs in Region 1 (shown in Figure 2) results 
from the reaction of NTO with an exogenous source of H,O, such as H,O adsorbed on surface of the NTO and/or 
H,O occluded within the NTO crystal matrix. The presence of H,O within the NTO crystal matrix is likely since the 
NTO is typically recrystallized from water.' This first decomposition period is characterized by a rapid increase in 
the GFR of the decomposition products near the onset of decomposition. The reaction between NTO and exogenous 
H,O is shown to occur by results from the thermal 
decomposition of 1) NTO recrystallized from H2'*0/H,O 
and 2) NTO recrystallized from anhydrous tetrahydro- 
furan. The results from the thermal decomposition of 
NTO recrvstallized from a solution of H7'80/H70 and 

eld at a temperature of 200°C are shown in Figure 5.  
1.6 

t-192"c 

0 2.8 5.6 8.3 11.1 15  

Time (hours) 

Figure 4. Mass spectral data of ion signals representing 
the gas formation rates of H,O, NO, CO, and NTO from 
the pyrolysis of NTO at 192°C. 
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Figure 5. The decomposition of NTO, recrystallized 
from H,"0, shows the interaction between NTO and 
H,O that is either adsorbed or trapped within the 
crystal structure. HzO desorbs as the sample is heated. 
As NTO sublimes the H,O trapped in the crystal 
matrix is released. The presence of '*OCO indicates 
that the oxygen from the labeled water is incorporated 
into the CO,. The sample temperature is 200°C 
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As the temperature of NTO approaches 200°C, both H,O and H,"O desorb from the surface of the NTO as indicated 
by the presence of signals from only water and not other decomposition products. When sample reaches 20OOC and 
NTO starts to sublime at a significant rate, increases in the ion signals associated with H,O and H,"O are observed, 
along with temporally correlated ion signals associated with CO, and "OCO. The presence of "OCO is indicative of 
an interaction between NTO and H,"0 that results in incorporation of the "0 from H,"0 into the CO, product. The 
presence of 'xOCO diminishes as the H,"0 is depleted, indicating that H,"O must be present for the formation of 
"OCO. The correlation of lxOCO with the Hz"O also indicates that the "0-label is not incorporated into the NTO 
during the recrystallization process since the presence of "OCO would be expected to be continuous throughout the 
complete NTO decomposition period. 
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zigure 6. Comparison of the isothermal (235OC) 
Iecomposition of NTO (- 8 mg) recrystallized 
iom H,O and of anhydrous NTO (-7 mg) 
,ecrystallized from anhydrous THF. The early 
Iecomposition regime is absent in the anhydrous 
f l0  due to the absence of H,O in the crystal 
natrix. 

The comparison of the ion signals for CO, and NO that 
result from decomposition at 235°C of hydrated NTO 
(recrystallized from H,O) to those resulting from decomposition 
of anhydrous NTO (recrystallized from THF), shown in Figure 
6, further support the our inference that the presence of 
exogenous HzO causes decomposition in Region 1. The 
decomposition, characteristic of Region 1 and producing CO,, is 
present in the results from hydrated NTO, and not in the results 
from anhydrous NTO. These findings indicate that exogenous 
sources of H,O that are in contact with NTO cause it to 
decompose. Interestingly, the anhydrous NTO thermal reaction 
is over in about half the time required for the hydrated NTO. 
We suspect that this difference is most likely due to differences 
in crystal structures that are caused by the recrystallization of 
NTO from different solvents. We intend to perform FTIR 
measurements on the two NTO samples to evaluate this idea. 
The results from the decomposition of anhydrous NTO also 
show, even in the absence of the decomposition process 
characteristic of Region 1, there is a significant amount of 
decomposition occurring at the onset of NTO sublimation. 
These reactions are associated with the decomposition occurring 
in Region 2. The immediate appearance of the CO, and NO at 
the onset of NTO sublimation probably reflects the 
decomposition of NTO in the gas phase, as well as the solid 
phase. The role of gas phase reactions of NTO is currently 
being evaluated. 

The observed features of the reaction between NTO with 
exogenous H,O that is adsorbed on the NTO surface or trapped 
within the NTO crystal is consistent with the general acid- 
catalysis mechanism shown in Scheme 1. The H-bonding 
between the N-2 hydrogen and the C-3 carbonyl oxygen, which 
is characteristic of both NTO polymorphs, is depicted in the 

first step of Scheme 1 and is instrumental to the reaction mechanism. The first step involves a nucleophilic attack 
of an H,O molecule on the carbonyl group of an NTO molecule accompanied by the simultaneous transfer of the N-2 
proton from the neighboring NTO molecule. The acidic nature of NTO (pK,=3.5)16 and the existing hydrogen 
bonding easily allow for the proton transfer. The reaction results in the formation of CO, that contains the oxygen 
atom from the H,O molecule, the regeneration of the neighboring NTO molecule, and the formation of a diamine 
intermediate. The first step is reversible, and possibly rate-limiting in this reaction. 

Reported deuterium kinetic isotope effect (DKIE) values between 1.45 and 1.68 for the global decomposition 
of NT02,7 in the temperature range of 225"-260°C is consistent with Scheme 1. Other viable mechanisms like H- 
abstraction could contribute to these reported DKIE values as well.7 We are presently evaluating whether a DKIE, as 
measured by the GFRs of the individual pyrolysis products of NTO, is present in the formation of any products such 
as CO,. Other reactions that occur in Region 1 are similar to those that occur in Region 2. 
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X 
diamine intermediate 

X = NO? or 0 or NO 

H-abstraction reactions. H-abstraction 
plays a major role in the pyrolysis of NTO. The 
proposed primary mechanism leading to the 
formation of H,O is presented in Scheme 2. The 
mechanism consists of H-abstraction by the nitro 
group to form a hydroxy nitroxide radical (I) 
intermediate. ESR evidence for the radical 
intermediate I has been presented in a previous 
study of NTO solid-phase pyrolysis.' One 

Scheme 1 I 

Decomposition in Region 2. 
Decomposition in Region 2 is 
observed from the onset of NTO 
decomposition and continues until the 
entire NTO sample is consumed. The 
proposed reactions in Region 2 are 
associated with the pyrolysis of pure 
NTO that occurs in the absence of 
both exogenous H,O and other 
impurities. The reactions occur 
through multiple pathways as indicated 
by the differing temporal behaviors of 
the GFRs of N,, CO,, NO, H,O and 
HNCO between 100 and 450 minutes 
as shown in Figure 2. The proposed 
primary reaction mechanisms operative 
in this period are: 1) hydrogen 
abstraction leading to the formation of 
a hydroxyl radical (OH); 2) the 

Oxvgenation of the NTO carbonvl grow. The proposed primary mechanism for the formation of CO, is 
oxygenation of the carbonyl functionality of the NTO molecule, or of another intermediate, by H,O as presented in 
Scheme 1. However, for decomposition occurring in Region 2, the source of H,O is the decomposition products 
from NTO and not from an exogenous source. This mechanism supports the temporal behavior of the CO, GFR 
observed in Figure 2. The yield of CO, is dependent upon the amounts of NTO and H,O that are present in the 
system. As more H,O becomes available for reaction, the CO, GFR increases and exceeds that of the H,O GFR. 
For the proposed mechanism this is the expected behavior since H,O is both a reactant and a product. The CO, GFR 
decreases when the NTO is near depletion at approximately 330 minutes, due to the declining availability of NTO. 
The time-dependent behavior of the CO, GFR can be explained by a reaction with HzO acting as a catalyst in the 
decomposition. The likelihood of the availability of H,O for reaction with NTO increases as the integrity of the 
NTO crystal structure is degraded by decomposition, allowing the reactions in Scheme 2 to occur more readily. This 
mechanism explains the formation of CO, from the C-3 position. The data in Table I show that CO, is also derived 
from the C-5 position. The mechanism for the formation of CO, from the C-5 position is proposed as a secondary 
reaction following a nitro-nitrite rearrangement and is discussed in the following section. 
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Scheme 3 

Reactions of the Nitro Group The major 
gaseous product formed from the nitro group is NO. 
The molar ratio of NO to decomposed NTO is 0.5 
(Table 11), suggesting that up to half of the nitro 
groups in NTO sample eventually form NO. The 
primary reaction mechanism proposed for its 
formation, shown in Scheme 3, requires the 
rearrangement of the nitro group into a nitrite group 
followed by the homolysis of the 0-NO bond to form 
NO and an oxy-radical. This path is dependent upon 
the amount of nonreacted NO, groups available from 
NTO and other reaction intermediates. The absence of 
H-bonding with the NOz group may be a factor that 
favors the likelihood of this pathway. However the 
temporal behavior of the NO GFR, shown in Figure 
2, suggests that secondary mechanisms contribute to 
the NO formation as well. A uroDosed secondary 

reaction mechanism for the formation of NO is the reduction of the nitro group by the diamiie intermediate, fo&ed 
in the reaction shown in Scheme 1. As the decomposition reaction progresses, the diamine intermediate increases 
and undergoes a reduction reaction with the NO, group of NTO, resulting in the formation of NO. This mechanism 
supports the continuous increase of the NO GFR that is observed up to the depletion of the NTO. 

The possibility of C-NO, bond homolysis contributing to the decomposition of NTO is supported by the 
minor amounts of NO, and TO measured in the reaction products (Tables I and 11). The molar ratio of NO, is small, 
0.02, and suggests that C-NO, bond homolysis is not a dominant mechanism. However, the data do not exclude the 
possibility of C-NO, bond homolysis occurring to a greater extent than indicated by the measured amount of NO, in 
the reaction products. It is possible that NO, is not being detected as a major product due to reactions of NO, with 
other intermediates during the decomposition. 

NTO (sublimation) . 

134 168 252 336 4211 
Time (sec) 

Figure 7. The temporal behaviors of the 
ion signals from CO, and 13C0,. The 
presence of both ion signals indicates that 
the CO, is being formed from the both 
carbons of NTO. A preference for the 
formation of CO, with the carbon in the 
C-3 position is observed. 

Other Important Secondary Reaction Mechanisms. The 
resulting oxy-radical that is formed from the nitro-nitrite 
rearrangement can rearrange to form a carbonyl functional group at 
the C-5 position with or without breaking the NTO ring structure 
(Schemes 3a and b, respectively). The reactivity of the resulting 
carbonyl with H,O to form CO, appears to be similar to the 
carbonyl group at the C-3 position, based on the data in Table I, 
which shows that the CO, is formed almost equally from the C-5 
and C-3 carbon atoms. The C-3 carbonyl group is slightly 
favored, an observation attributed to the fact that the carbonyl 
group is initially present at the C-3 position and does not have to 
be formed as is the case when it is located at the C-5 position. 
The temporal behaviors of the ion signals for 13C0, (from the C-3 
position) and C02 (from the C-5 position), shown in Figure 7, are 
also similar suggesting that the mechanisms in Scheme 3, which 
transform a carbonyl group at the C-5 position into CO,, are 
viable throughout the entire decomposition period. It is interesting 
to notice in Figure 7, the formation of CO, at the C-3 position is 
favored at the onset of decomposition. This further supports the 
general acid-catalysis mechanism with exogenous H,O proposed for 
the first decomposition period. 

The HNCO product consists of the nitrogen atom from the 
N-4 position and nearly equal amounts of the carbon atom from the 

C-3 and C-5 positions (Table I). Formation of the HNCO by the reaction mechanisms shown in Schemes 3a and b 
is consistent with the nitrogen and carbon origin of HNCO. The molar ratio for CO, (0.58) is greater than that for 
HNCO (0.21) which would be expected based on Scheme 3 as other reactions compete with formation of HNCO 
(such as the formation of N, and of the residue). In addition, other reactions with HNCO likely occur, such as the 
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reaction of HNCO with HzO to form NH, and C02?2 This reaction is supported by our observations of the presence 
of trace amounts of NH, in the decomposition products. 

Amine groups readily 
add to R-N=c-O groups 

N, + producuts 

Scheme 4 

HN -N 

N 
H X  

I t  H 

X 

N, + otherproducts 

We propose that most 
of the N, product is formed 
via the reactions shown in 
Schemes 3a and b, as well as 
from a secondary reaction of 
the diamine intermediate, 
presented in Scheme 4. Most 
of the N, is from the N-1 and 
N-2 positions, although some 
crossover of the nitrogen 
atoms occurs. The four- 
membered ring system in 

Scheme 4 is postulated to explain the nitrogen crossover. The diamine intermediate is oxidized to a diimine-type 
intermediate that can decompose into N, (N-1 and N-2 positions) or form a four-membered ring structure by a 
mechanism similar to the thermally induced ring-closure of 1,3-butadiene?l Tautomerism of the ring allows for N, 
formation from the N-1 and N-2 nitrogen atoms and from the N-4 and N-2 nitrogen atoms. 

x = NOz. NO, 0 urea functional groups 

carbamate functional groups 
Scheme 5 

Reactions formine the polymeric residue. The 
presence of urea and carbamate linkages in the residue 
is consistent with the proposed intermediates formed 
during NTO pyrolysis. The types of intermediates 
include isocyanates (O=C=NR and O=C=NH) from 
reactions such as the nitro-nitrite rearrangement 
(Scheme 3) and amine compounds (H,N-N=C(NO,)- 
NH,) produced from reactions such as the addition of 
NTO and HzO (Scheme 1). Oxy-radical intermediates 
that form (Scheme 3) can abstract hydrogen to form a 
hydroxyl intermediates (R-OH). The amine and 
hydroxyl groups readily add to isocyanate groups to 
form urea and carbamate linkages, respectively, as 

shown in Scheme 5. Isocyanate groups also can polymerize with other isocyanate groups. For example, the product 
cyanuric acid (C,H,N,O,) is readily formed at temperatures greater than 100°C by the trimerization of three HNCO 
molecules?' In addition to the reactions shown in Scheme 5,  ionic reactions occur that result in formation of NH,' 
and in the formate ion (HC00-). The extent of ionic reactions occumng during the NTO thermal decomposition is 
not known at this time. Further analysis of the residue is being conducted to better characterize the reaction 
intermediates required to form the residue. 

CONCLUSIONS AND FUTURE WORK 

A summary of an ongoing study that evaluates the time-dependent reaction chemistry of the solid-phase 
thermal decomposition of NTO between 190" and 250°C using the STMBMS technique is presented. NTO thermal 
decomposition is characterized by four major processes: 1) NTO sublimation; 2) a change of the NTO reactive state 
that may include a solid-solid phase transition between 190" and 195°C; 3) a period of decomposition that consists of 
the reaction of NTO with exogenous H,O; and 4) a period of decomposition that consists of the decomposition of.  
neat NTO in the absence of both exogenous H,O and impurities. 

The presence of H,O from an exogenous source, (e.g., H20 adsorbed on the surface andor occluded in the 
NTO crystal matrix), induces an early decomposition of NTO. The H,O interacts with the carbonyl group of the 
NTO molecule to form CO, by a general acid-catalysis mechanism. The onset of this pathway likely initiates other 
decomposition pathways since other products such as NO are also observed. The effect of the early decomposition 
on the long-term aging and the performance of NTO needs to be addressed in models that predict the hazards and 
aging of NTO. 

The products from decomposition of neat NTO consist of low-molecular-weight gases and a condensed-phase 
residue. The major gaseous product, CO,, is formed from both the C-3 and C-5 carbon atoms of the NTO molecule 
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with the C-3 position being slightly favored. Most of the N, product is derived from the N-1 and N-2 nitrogen 
atoms of NTO, although some crossover occurs with the N-4 and N-2 nitrogen atoms. HNCO is formed from the N- 
4 nitrogen and from almost equal amounts of carbon from the C-3 and C-5 positions. Information obtained from the 
product identities and their origins from the NTO molecules provides insight into the NTO decomposition chemistry 
and reaction mechanisms that are consistent with the data are proposed. 

Three primary reaction pathways are proposed to be operative in the NTO solid-phase thermal decomposition 
that are consistent with the data. The pathways are: 1) H-abstraction by the NO, group which leads to the formation 
of a hydroxyl radical; 2) oxygenation of the NTO carbonyl group by H,O to form CO,; and 3) nitro-nitrite 
rearrangement followed by homolysis of the RO-NO bond to form an oxy-radical and NO. Secondary reactions 
occurring after the nitro-nitrite rearrangement form mostly CO,, HNCO, N,, precursors to the residue, and lesser 
amounts of other gaseous products. Secondary reactions following oxygenation of the carbonyl group form mostly 
NO and N,, and some HNCO, CO, and precursors to the residue. The reaction mechanism of C-NO, homolysis does 
not appear to be a major decomposition pathway. 

We are currently obtaining more details on the specific chemical reactions that occur during the solid-phase 
thermal decomposition process of NTO. Work presently in progress includes the identification of gas-phase 
reactions, examination of the thermal decomposition reactions for the presence of a DKIE, evaluation of the effects 
of temperature and higher confinement of the reaction products on the reaction mechanisms, and evaluation of the 
interactions of the gaseous products and intermediates with the residue. A more detailed analysis of the NTO solid- 
phase thermal decomposition will be presented in a future paper that will include a kinetic model of the NTO solid- 
phase decomposition process. 
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