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Preface

This was the first Symposium on Energetic Materials held at a Materials Research
Society Meetng. Energetic materials are substances that undergo exothermic chemical
reaction in response to some stimulus and react in time scales leading to combustion,
explosion, and/or detonation (millisec to femtosec). Energetic materials represent a
multibillion dollar industry for both commercial and military uses. These are among
the earliest of man-made classes of materials. Their historical role in the development
of nations has been enormous. Land clearing, railroad and highway construction, and
mining continue as important though not exclusive uses. The space program is enabled
by energetic materials.

While niany of the energetic materials in current use were developed in the previous
century, a recent renaissance by synthetic chemists has brought forward new
compounds. The response of these new materials to stimuli that cause initiation or
transition from combustion to detonation and the response of energetic materials
generally to a vanety of new uses (such as for air bags in automobiles where the
environmental conditions and longer term storage stability questions must be carefully
assessed) have led to increased interest in understanding the fundamental mechanisms
for initiation and decomposition and also to new methods for qualty and safety
assurance tests.

Understanding the sensitivity to known stimuh such as impact or heating, the routes
of chemical decomposition, and the theoretical techniques that can describe these
processes is a fertile field of current research addressed n this Symposium. Relauons
between the molecular structure and the defect structures and initation and
decomposition, properties of new materials, expenmental tests and new methods for
probing at the microscopic level, and theoretical progress were the main topics.

The commonahty with studies of other materials using many similar experimental
techniques, especially in the area of defect and the special feawres of the
subpicosecond ume scale for reactions and decu.sposition both n expenments and
molecular dynaniics simulauons provides a strong bond with other materials research.
The orgamzers hope that these proceedings will further strengthen those bonds.

Donald H. Liebenberg
Ronald W. Armstrong
John J. Giiman

March 1993
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MOLECULAR STRUCTURE AND PERFORMANCE OF HIGH
EXPLOSIVES

JAMES R. STINE, Explosives Technology, Group M-1, MS C920, Los Alamos
National Laboratory, Los Alamos, NM 87545.

ABSTRACT

Empirical methods have been developed to predict density and heat of
formation of proposed high explosives. These methods are parameterized in
terms of molecular constituents consisting of atoms in particular bonding
environments. These methods, along with the atomic composition of the
molecule, are then used in an empirically based method to predict the
performance of the explosive.

Together, these methods form a unified mechanism of relating molecular
structure to explosive performance. Indeed, this effort, along with the synthesis
effort at Los Alamos, have led to the identification of a new class of high-nitrogen
molecules that may prove to be high performance explosives.

INTRODUCTION

The goal of the high explosives synthesis effort at Los Alamos has been to
synthesize an organic high explosive that has the performance of HMX (one of
our best performing explosives in general use) but at the same time has the
insensitivity of TATB (our most insensitive high explosive). Although numerous
efforts at Los Alamos, and indeed throughout the explosives community in
general, have tried to achieve this goal, few new explosives have ever made been
considered for weapon systems.

If we take a glance at the synthesis history of the explosives of military

interest], we immediately see that most all of them were first synthesized in the
late 1800s. The fact that synthesis efforts since this time, and particularly
during the past 40 years, have not been able to realize the goal given above, was
one of the reasons for the development of the methods described here.

Table I. Hisiory of the Synthesis of Explosives of Military Interest

Nitroguanidine 1877
Tetryl 1879
TNT 1880
TATB 1888
PETN 1894
RDX 1899

One common element of nearly all of the synthesis efforts dur"  .he last
40 years has been the nitration of a carbon skel. ...: this has resu.ced in the
synthesis of many polynitroaromatics, with TATB and TNT as notable examples.
But, are these explosives qualitatively different from one anoiher? To help
answer this question, we developed simple empirical methods to help indicate
how each molecular constituent affected an explosive's performance. In addition

Mat. Res. Soc. Symp Proc. Vol. 296 1993 Matenals Research Soctety




to being developed as predictive tools, the primary goal of these methods is to
help guide the synthesis effort by providing insight as to what constituents were
beneficial to high performance and which ones were not. These methods would
then complement the computer methods developed over the years in predicting
properties of proposed explosives.

The empirical methods developed were concerned with density and heat of
formation of the proposed explosive. Certainly, in the past, these factors have
been recognized as playing an important part in the performance of an explosive.
However, many synthesis efforts have had as their primary goal the synthesis of
high density organic molecules instead of high performance molecules. The
thought here is that the three factors of density, heat of formation, and atomic
composition must all be considered when relating molecular structure to
performance. Of the three factors, atomic composition has received the least
emphasis.

In the sections below, we discuss the three empirical methods as related to
the factors given above, and then relate them to performance.

DENSITY

One method for predicting density was developed by Stine2 in 1981. This
method assumed that the volume of a molecule in the unit cell of a crystal (which
in this case includes some of the void volume) is a sum of the volumes of the
molecular constituents. In this case, the molecular constituent is the atom in its
particular bonding environment. Thus, for example, one constituent would be a
carbon atom with four single bonds, designated C(1,1,1,1), or if two of the bonds
were in a ring system designated C(1,1,-1,-1). Another constituent being a
carbon with a double bond and two single bonds, C(2,1,1). Table II lists all of the
different constituents possible for carbon, hydrogen, nitrogen, oxygen molecules,
where 1, 2, or, 3 represent a single, double, or triple bond, and -5 designates an
aromatic bond. A negative value indicates that the bond is part of a ring system.
Values for the constituent volumes were derived from over 2000 organic
molecules with known crystal structures. A histogram of the errors between the
observed and calculated densities for these 2000 compounds indicates that the
calculated value is within 5-4% of the observed value. Of course only a few of the
2000 compounds were explosives, but when this method was applied to over 300
organic explosives synthesized at Los Alamos, a similar standard deviation was
obtained.

Of interest here are the contributions of each constituent to the density,
which are also listed in Table II. It can be seen that almost all of the carbon-
containing constituents contribute a relatively low value to the density, except
for C(-1,-1,-1,-1) and C(1,-1,-1,-1) whose bonds are involved in multiple ring
systems. That is, to be high density, the carbons must be a part of a cage-type or
spiro-type structure. However, almost all of the nitrogen and oxygen atoms
contribute a high value to the density. Thus for a high density compound one
would want to eliminate the carbon and hydrogen atoms in favor of mitrogen and
oxygen atoms.

R Ty




Table II. Constituent Volumes for the Prediction of Density

Definition Volume Density

A3 g/em3
H(1) bonded to a Carbon 5.981 0.278
H(1) bonded to an aromatic Carbon 7.499 0.221
H(1) bonded to a Nitrogen 5.199 0.319
H(1) bonded to an Oxygen 0.366 4.536
C(1,1,1,1) 13.390 1.486
C(1,1,-1,-1) 11.709 1.702
C(1,-1,-1,-1) 9.755 2.042
C(-1,-1,-1,-1) 9.673 2.060
C2,1,1) 14.565 1.368
C(1,-1,-2) 13.288 1.499
C(2,-1,-1) 12.654 1.575
C(-1,-1,-2) 10.410 1.914
C(1,-5,-5) 12.094 1.647
C(-1,-5,-5) 10.618 1.876
C(-5,-5,-5) 10.370 1.921
C(3,1)or C(2,2) 16.579 1.202
N(2,2,1) 10.368 2.242
N(1,1,1) 9.234 2.517
N(1,-1,-1) 9.798 2.372
N(-1,-1,-1) 8.759 2.654
N(-5,-5) 12.268 1.895
N(2,1) 14.488 1.605
N(-1,-2) 11.941 1.947
N(@3) 15.599 1.490
0(,1) 12.178 2.181
0(-1,-1) 12.172 2.183
02) 12.754 2.063

HEAT OF FORMATION

A method similar to that developed for density was developed for

predicting the heat of fcrmation ¢f o propesed explosive3. Here, however, it is
important to specify the type of atom bonded to the atom of concern. Thus, for
example, a carbon bonded to two other carbons, a hydrogen, and a nitrogen
would be designated by C(C1, C1, H1, N1). Also of importance to the heat of
formation is the contribution of ring strain. Here we only consider ring strain in
rings consisting of three, four, or five atoms. Values for the constituent heats of
formation were derived from measured heats of formation of over 1100 organic

compounds?. As opposed to similar existing methods for estimating the heat of
formation of a molecule, this method has a much smaller set of constituents, and
the constituent heat of formation is based on a larger set of empirical data. A
histogram of the errors between the observed and calculated vaiues indicates a
standard deviation of about 10 kcal/mole.

Here aga., . method indicates which molecular constituents contribute
a pusitive amount to the overall heat of formation and which contribute a
negative amount. It now becomes evident, that a particular molecular
constituent might contribute in a positive way to the density, but a negative
amount to the heat of formation.



ATOMIC COMPOSITION

One aspect of performance that has not received as much consideration as
density and heat of formation is the role of atomic composition. Our first
consideration was to determine in what regions of atomic composition space did
most existing explosives lie. We know, for example, that RDX (CgHgNgOg) and

HMX (C4HgNgOg) have the same performance if they are pressed to the same

density. Thus, the absolute number of each atom making up the molecule is not
of importance, but rather their relative amounts. Hence, we can arbitrarily
“normalize” the molecular formula, C;HpN.Og, to CAHgNOp such that

A+B+C+D=1. That is A=a/a+b+c+d), etc. Thus RDX and HMX would have the
same relative formula.

Now we wish to represent wue relative composition of any organic (carbon,
hydrogen, nitrogen, oxygen) molecule graphically. Just as an equilateral
triangle can be used to represent the fractional composition for a three
component system, a tetrahedron can be used to represent the relative fractions
for a four component system. That is, a tetrahedron has the property that the
sun. of the four distances from an internal point to each of the four sides is a
constant. Thus, the relative composition of any organic molecule can be
represented by a point inside a tetrahedron whose corners represent carbon,
hydrogen, nitrogen, and oxygen. This tetrahedron is shown in Figure 1.

N

C H

Figure 1. Composition tetrahedron for representing the relative
amounts of carbon, hydrogen, mtrogen and oxygen in any organic
muled -

The ideal products in a detonation are water, carbon dioxide, and
nitrogen. These molecules are represented by points on the line connecting
hydrogen and oxygen, the line connecting carbon and oxygen, and t'ie apex,




respectively. These three points then define an "oxygen balance plane,” in which
any point lying in this plane is said to have sufficient oxygen to convert the
carbon to COg and the hydrogen to HgO.

Over 300 explosives molecules were found in the literature that had been
synthesized over the past 40 years. The normalized formulas for each of these
explosives is plotted in Figure 2. Also seen in this figure is the oxygen balance
plane. It is readily seen that most all of these explosives lie within a cluster that
is characterized by high carbon - low oxygen content. Included in this cluster are
explosives such as TATB, TNT, DATB, HNS, TNB, etc. These are basically low
performing explosives because most of the carbon ends up as solid carbon in the
form of soot. One molecule somewhat outside of this cluster is HMX, one of the
best performing explosives. This indicates that perhaps molecules with as much
as or greater nitrogen content might be a promising region for high performing
explosives.

“igure 2. Composition tetrahedron showing the location of
over 300 known explosives.



One molecule that consists of just nitrogen atoms is octaazacubane, Ng,
(Figure 3) and is of interest to demonstrate the performance expected for a pure
nitrogen molecule®. The predicted heat of formation for this molecule using ab
initio methods is 5§30 kcal, and the predicted density using the above mentioned

density prediction method, is 2.65 g/cm3. These values yield a predicted
detonation velocity (using the TIGER code with the BKW equation of state) of
over 15 km/s and a CJ-pressure of 157.2 GPa. In fact, even if the real density
differed substantially from that predicted and was found to be only 1.90 g7cm3,
and the real heat of formation found to be only 200 kcal/mole, the predicted
detonation velocity would be 10.4 km/s and the CJ-pressure would be 50.1 GPa.
These values are still substantially greater than those for HMX, namely
9.14 km/s and 40.5 GPa, respectively.

N N
\ N\
N l N

N N

\|

\
N

Figure 3. Molecular structure of octaazacubane.
PERFORMANCE

The density, heat of formation, and atomic composition can now be
integrated into an empirical method for predicting the performance of a proposed
explosive. The approach taken here is an extension of a method first developed
by Urizar6 at Los Alamos in 1947. In his method, he assumed that the
detonation velocity of a mixture of explosives is the sum of the detonation
velocities of the constituents weighted by their respective volume fractions. He
also allowed for the contribution of voids to the overall detonation velocity by
assigning a "characteristic velocity” and including its contribution to the sum.
Thus, for a mixture of n components we have,

D:EviDi i=1l.n (1

where D is the detonation velocity. Here we extended his method7 to pure
compounds by making the additional assumption that the detonation velocity of
a pure compound and that of a mixture are identical if the densities, heats of
formation, and atomic compositions are the same. Hence these properties of the
pure compound could be simulated by an appropriate mixture of explosives with
known densities. *..2: : of formation, and molecular formulas. Thus for a pure
sxplosive with the inolecular formula C,Hp, N O4, we would need a basis set of
five explosives, and the addition of voids to simulate the six parameters of

carbon, hydrogen, nitrogen, and oxygen content, density, and heat of formation.
Equation 1 then becomes,



D=D,+p(aa+Bb+y+dd+hAHg/M, (2)

where D, is the characteristic velocity of a void, p is the denaity in g/cm3, AHgis
the heat of formation in kcal/mole, and M is the molecular weight of the pure
compound. D, a, B, v, 8, and h are constants whose values were obtained by a

least-squares analysis to detonation velocity, density, and heat of formation data
for 22 pure explosives. This analysis yielded,

a= -1385 8= 6811
B= 395 h=  0.6917
y= 37174 D,= 369

The calculated and observed values are plotted in Figure 4 for these 22
explosives.

9.5

9.0 4 /

8.5 1

8.0 1

D{calc) (km/s)

7.5 1 o

7.0

6.5 v p— v -
65 7.0 75 8.0 8.5 9.0 8.5

D(obs) (knvs)

Figure 4. Plot of the detonation velocities of 22 pure explosive~
calculated using Equation 2 as a function o. the observed
detonation velocities. The straight line is the ideal case where
the calculated value is equal to the observed value.
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It is clear from the above values that carbon is detrimental to a high
detonation velocity because a is negative, but nitrogen and oxygen make a

positive contribution because B, %, and & are all positive. Here again, we are led
to the conclusion that high nitrogen explosives should give good performance.
These data indicate that perhaps high nitrogen molecules would be high

performance explosives. One compound, first synthesized at Los Alamos8 in
1986, is a high nitrogen molecule that does not contain any nitro groups. The
structure of this molecule is shown in Figure 5.

NH,

Figure 5. Molecular structure of the high
nitrogen explosive, TZX

This explosive was predicted to have a detonation velocity about the same
as that of HMX. Enough material was then synthesized to perform sensitivity
and performance tests. It was found to have an impact sensitivity about like
that of TNT, which is a relatively insensitive high explosive. Although it is not
as insensitive as TATB, it is one of the few known explosives that has both a
relatively good performance and good sensitivity.

SMALL-SCALE TESTING

TZX is just one of the first high nitrogen molecule to be synthesized and
its performance properties are still being tested. As was mentioned at the
beginning, one must consider all factors when evaluating what molecular
constituents are important contributors to performance. Although we have
demonstrated that high nitrogen content is an important contributor to
performance, so are density and heat of formation, and it must not be over
emphasized. Indeed, these factors must be considered simultaneously when
evaluating their contribution related to a particular molecule.

The results now are very encouraging that perhaps a single molecule can
be both an insensitive and a high performing explosive. However, further tests
must be performed on new molecules that do not lie in the rvster forme! b+ the
majority of existing explosives. This presents a problem, in that many of the
standard sensitivity and performance tests require large amounts of material,
usually kilograms at the very least. It is usually a Herculean task for the bench
chemist to produce these quantities of material, and hence most explosives
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synthesized in the past simply- did not have any sensitivity of performance tests
past those required for handling small quantities of material.

8.5
PBX9407 (RDX/FPC461)
8.4 -
8.3 1
® g2
£
5 o
23
E 8.1
Q
Z 801
o
= 1 D =2.2708 + 3.5193 (rho)
S 797
Q
o r

150 155 160 165 170 175  1.80
Density (g/cc)

Figure 6. Detonation velocity as a function of density produced in
a single PolyRho shot. The rate stick consisted of 1/2 inch
diameter pellets.

To help bridge the gap between the bench chemist and the firing site
engineer, various small-scale tests are being developed at Los Alamos to
measure such things as detonation velocity, failure diameter, reaction zone
thickness, and sensitivity to shock. These tests require a total of 50-100g of
material - a quantity that is able to be synthesized in a laboratory.

One such test, requiring about 25-30g of material is the PolyRho test.
This is a performance test for measuring the detonation velocity over a range of
densities. Pellets, 1/2 inch in diameter and 1/2 inch in length are pressed to
diuterent densities. A rate stick is assembled from these pellets where the
pellets are placed in the rate stick according to their density. The first gellet is
next to the detonator and is the least dense and the last pellet is the most dense.
Foil switches are placed between the pellets and an oscilloscope is used to record
the arrival times of the detonation wave at each of these switches. From this
data and the heights of the individual pellets one can calculate the detonation
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velocity over each of the pellets and hence obtain detunation velocity as a
function of density. One such plot is shown in Figure 6.

This test along with the other existing and proposed small-scale
performance and sensitivity tests form a basis for obtaining valuable screening
information to help aid in designing new explosives and selecting existing
explosives for particular programmatic goals.

CONCLUSIONS

Efforts related to the development of simple empirical predictive methods
have interacted with the synthesis effort at Los Alamos to identify a new class of
molecules that may prove useful as high-performing insensitive explosives. One
member of this new class has been synthesized and tested. However, high
nitrogen content is just one of the factors that influence performance and, like
density and heat of formation, should not be sole consideration. Indeed, it is
imperative that all of the factors be considered simultaneously because there are
}rery few molecular constituents that contribute in a positive way to each of these

actors.

The interaction between theory and synthesis has led to the realization
that perhaps the elusive explosive we have been looking for may have an atomic
composition and molecular structure quite different than that of most all known
explosives. We now have some guidelines as to what molecular geometries to
look for.
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NITRAMINES

RICHARD BEHRENS, JR.* AND SURYANARAYANA BULUSU**
*Sandia National Laboratories, Combustion Research Facility, Livermore, CA 94551
** Energetic Materials Division, U.S. Army, ARDEC, Dover, NJ 07801-5001

ABSTRACT

The effects of physical properties and molecular conformation on the thermal
decomposition kinetics of several cyclic nitramines are examined and compared to the
decomposition of RDX. The compounds used in the study are: octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX), hexahydro-1-nitroso-3,5-dinitro-s-triazine (ONDNTA), 1,3,5-
trinitro-1,3,5-triazacycloheptane (TNCHP), and 2-oxo-1,3,5-trinitro-1,3,5-triazacyclohexane
(K6). The decomposition pathways of HMX in the liquid phase are similar to the four
parallel decomposition pathways that control the decomposition of RDX in the liquid phase.
The products formed during the thermal decomposition of ONDNTA arise from multiple
reaction pathways. The identities and temporal behaviors of the ONDNTA decomposition
products are discussed. TNCHP is thermally stable in the liquid phase. The decomposition
products from TNCHP are formed via multiple reaction pathways. One decomposition
pathway for TNCHP is through its mononitroso intermediate. TNCHP does not form a stable
product that is analogous to oxy-s-triazine (OST) formed in RDX or the smaller ring
fragments formed in the liquid-phase decomposition of HMX. K6 is less thermally stable and
the decomposition mechanism is much simpler than that of RDX, HMX and TNCHP. The
thermal decomposition of K6 occurs between 150 and 180 °C. The products formed during
lhfi %egomposition of K6 are mainly CH2O and N2O with minor amounts or HCN, CO, NO,
an 2.

INTRODUCTION

The cyclic nitramines hexahydro-1,3,5-trinitro-s-triazine RDX (I) and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine HMX (I1)

NO, O;N_ NO,
r~|:/ \1!1 <N N>
O,N" N "NO, ON~ 7~ "No,

m ()

are energetic ingredients that are used in various propellants and explosives. Understanding
the complex physicochemical processes that underlie the combustion of these materials can
lead to methods for modifying propellant and explosive formulations in order to obtain better
ignition, combustion, or sensitivity properties. The motivation for understanding the thermal
decompositior nr~esses of these materials is threefold. First, in solid-propellant combustion,
thermal de. .:rpusition processes that occur in the condensed phase determine both the
amount of heat released on the surface of a burning propcllant and the identity and rates ot
production of the lower molecular weight species that are the reactants in the gas-phase flame.
These processes control the bum rates of solid propellants. Second, in both propellants and
explosives it is important to understand the mechanisms that control the stability of these
materials when they are subjected to elevated temperatures, electrostatic discharge, impact or
shock. The response of energetic materials in munitions to these stimuli determine their

Mat. Res. Soc. Symp. Proc. Vol. 296. < 1993 Matenals Research Society
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degree of safety when subjected to abnormal environments such as fire. Third, an
understanding of the molecular processes that control the response of energetic materials to
these various stimuli will provide insight into the molecular'properties that control the relative
stability of these materials. This, in wrn, will provide guidance for the synthesis of new, more
stable, energetic materials. Thus, the goal of our work is to understand how the molecular
conformation, physical properties and molecular structure affect the thermal decomposition
processes in energetic materials.

Since RDX and HMX are two cyclic nitramines used extensively in explosive and
propellant formulations, our initial work!4 has focused on understanding the decomposition
mechanisms of these two materials in the solid and liquid phases. To extend our knowledge
of cyclic nitramine decomposition, we are currently studying the decomposition of an
intermediate formed during the decomposition of RDX and several other cyclic nitramines
with molecular conformations and physical properties different from RDX and HMX. In this
paper we present the following: a summary of the thermal decomposition pathways for RDX
in the liquid and solid phases; the results from our studies on the thermal decomposition of
liquid-phase HMX, hexahydro-1-nitroso-3,5-dinitro-s-triazine (ONDNTA) (1il), 1,3,5-
trinitro-1,3,5-triazacycloheptane (TNCHP) (1V), and 2-oxo-1,3,5-trinitro-1,3,5-
triazacyclohexane (K6) (V); a comparison of these results with those of RDX.
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EXPERIMENTAL
Instrument description

The simultaneous thermogravimeiric modulated beam mass spectrometry (STMBMS)
apparatus is used to conduct the thermal decomposition experiments. The apparatus and the
basic data analysis procedure have been described previously.5«¢ This instrument allows the
concentration and rate of formation of each gas phase species in a reaction cell to be measvred
as a function of time by correlating the ion signals at different m/z values measured with a
mass spectrometer with the force measured by a microbalance at any instant. In the
experimental procedure, a small sample (~10 mg) is placed in an alumina reaction cell that is
then mounted on a thermocouple probe that is seated 1n a microbalance. The reaction cell is
enclosed in a high vacuum environment ( < 107 torr) and is radiatively heated by a bifilar-
wound tungsten wire on an alumina tube. The molecules from the gaseous muxture in the
reaction cell exit through a small diameter (0.0025 cm in these expeniments) orifice in the cap
of the reaction cell, traverse two beam-defining orifices before entering the electron-
bombardment ionizer of the mass spectrometer where the 10ns are created by collisions of 20
eV electrons with the different molecules in the gas flow. The background pressures in the
vacuum chambers are sufficiently low to ehmunate significant scattening between molecules
trom the reacuon cell and background molecules 1n the vacuum chambers. The difterent nvz-
value 10ns are selected with a quadrupole mass filter and counted with an 10n counter. The
gas flow 1s modulated with a chopping wheel and only the modulated 10n signal is recorded.
The containment ume of gas in the reaction cell 1s a function of the orifice area, the free
volume within the reaction cell, and the characteristics of the flow of gas through the orifice.
For the reaction cell used in the exnenments, the time constant for exhausting gas from the
cell is small (~3 7 <oc) compares o tiic duration of the experiments ( >~1000 sec). Note that
the containment u.ne of gas within the reaction cell 15 short once the gas molecules are in the
free volume of the cell, but it may be much longer if the gas 1s trapped in the condensed-phase
of the material within the cell. For reactions in the liquid phase, such as those with RDX. the
lighter molecular weight gases (i.e., N2O) will be released from the liquid rapidly whereas for
reactions that occur 1n the solid phase even these lower molecular weight gaseous products
may be trapped for longer periods of time.




14

degree of safety when subjected to abnormal environments such as fire. Third, an
understanding of the molecular processes that control the response of energetic materials to
these various stimuli will provide insight into the molecular properties that control the relative
stability of these materials. This, in turn, will provide guidance for the synthesis of new, more
stable, energetic materials. Thus, the goal of our work is to understand how the molecular
confcrmation, physical properties and molecular structure affect the thermal decomposition
processes in energetic materials.

Since RDX and HMX are two cyclic nitramines used extensively in explosive and
propellant formulations, our initial work!4 has focused on understanding the decomposition
mechanisms of these two materials in the solid and liquid phases. To extend our knowledge
of cyclic nitramine decomposition, we are currently studying the decomposition of an
intermediate formed during the decomposition of RDX and several other cyclic nitramines
with molecular conformations and physical properties different from RDX and HMX. In this
paper we present the following: a summary of the thermal decomposition pathways for RDX
in the liquid and solid phases; the results from our studies on the thermal decomposition of
liquid-phase HMX, hexahydro-1-nitroso-3,5-dinitro-s-triazine (ONDNTA) (I1I), 1,3,5-
trinitro-1,3,5-triazacycloheptane (TNCHP) (IV), and 2-oxo-1,3,5-trinitro-1,3,5-
triazacyclohexane (K6) (V); a comparison of these results with those of RDX.
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EXPERIMENTAL
, escriation

The simultaneous thermogravimetric modulated beam mass spectrometry (STMBMS)
apparatus is used to conduct the thermal decomposition expenments. The apparatus and the
basic data analysis procedure have been described previously.5- This instrument allows the
concentration and rate of formation of each gas phase species 1n a reaction cell to be measured
as a function of time by correlating the 10n signals at different m/z values measured with a
mass spectrometer with the force measured by a microbalance at any instant. In the
experimental procedure, a small sample ~10 mg) 1s placed 1n an alumina reaction cell that is
then mounted on a thermocouple probe that 15 seated in a microbalance. The reaction cell is
enclosed 1n a high vacuum environment ( < 10°° torr) and 1s radiatively heated by a bifilar-
wound tungsten wire on an alumina tube. The molecules from the gaseous mixture in the
reaction cell exit through a small diameter (0.0025 cm in these experiments) orifice 1n the cap
of the reaction cell, traverse two beam-defining orifices before entenng the electron-
vombardment ionizer of the mass spectrometer where the 1ons are created by coliisions of 20
eV electrons with the different molecules 1n the gas flow  The background pressures 1n the
vacuum chambers are sufficiently low to eliminate significant scattening between molecules
from the reaction cell and background molecules 1n the vacuum chambers. The difterent ny/z-
value 10ns are selected with a quadrupole mass filter and counted with an ion counter  The
gas flow 1s modulated with a chopping wheel and only the modulated 10n signal 1s recorded.
The containment ume of gas in the reaction cell 1s a function of the orifice area, the free
volume within the reaction cell, and the charactenstics of the flow of gas through the orifice
For the reaction cell used 1n the evnenments, the ume constant for exhausting gas from the
cell 1s small (~3 7 cec) compareu .o vise duration of the experiments ( >~1000 sec). Note that
the containment u.ne of gas within the reaction cell 1s short once the gas molecules are 1n the
free volume of the cell, but it may be much longer if the gas 1s trapped 1n the condensed-phase
of the material within the cell. For reactions in the liquid phase, such as those with RDX. the
hghter molecular weight gases (1.c., N20) will be released from the liquid rapidly whereas for
reactions that occur in the solid phase even these lower molecular weight gaseous products
may be trapped for longer periods of time.
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Sample preparation.
The cyclic nitramines used in the experiments were prepared according to previously

published methods for ONDNTA,” TNCHP,8 and K6.9 The K6 sample was obtained from P.
Pagoria of LLNL. The samples were characterized by NMR and IR measurements.

Data analysis.

The data analysis procedures used for identifying the ‘varolysis products and determining
their rates of formation have been described previously.3-6.10  For the qualitative comparisons
of the differences in the decomposition behavior between RDX and HMX, TNCHP, and K6
only the temporal behaviurs of the ion signals associated with the various decomposition
products, and not the gas formation rates for each product, are presented in this paper.

RESULTS AND DISCUSSION
Our previous work has examined the decomposition of HMX in the solid phasel-2and

RDX in both the solid and liquid phases.34 For RDX decomposition in the liquid phase, we
have found that it decomposes by the following four reaction pathways:

OST + Hzo + NO + NOZ P1)
NO, + HXCN + 2N,O + 2CH,0O (P2)

RDX
o ONDNTA —— N,0 + CH;C + other (P3)

%
%
N20 + CHzO + NOZ + NHQ_CHO (P4)

Reaction pathway P1 is first order in RDX and accounts for approximately 30% of the total
decomposition. Using 2H, 13C, 15N, and 180 isotopic analogues of RDX in isotopic
scrambling and deuterium kinetic isotope experiments (DKIE), we have shown that oxy-s-
triazine (OST) is formed directly from RDX and hydrogen atom transfer is involved in the
rate determining step. The other products formed in this reaction path are NO, H,0, and
NO,. This reaction pathway involves the elimination of HONO, leaving the RDX ring intact.

0] OH NO I:J()
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Reaction pathway P2 is aiso first order in RDX and accounts for approximate!v "~ of the

total decomposition. In this pathway the C-N bonds of the i\Da maiccule eventually rupture,
leading to the formation of N20 and CH20. However, this does not necessarily imply that
C-N bond rupture is the first step in this thermal decomposition pathway, since N-N bond
rupture {ollowed by subsequent bond breaking of the resuiting radica: is also consistent with
our results.
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Reaction pathway P3 invoives the decomposition of RDX via a mononitroso-RDX
(ONDNTA) intermediate (VI). Decomposition via this pathway accounts for approximately
30% of the total decomposition. CH20 and N20 are major products formed via the
ONDNTA intermediate during the decomposition of RDX.

Reaction pathway P4 involves the autocatalytic decomposition of RDX and accounts for
approximately 30% of the total RDX decomposition. The main decomposition products
formed via this channel are also CHpO and N7Q. Although the catalyst has not been
identified, possible candidates for the catalyst include several amides (i.e., formamide and N-
methylformamide) and the polyamide residue that forms during the decomposition of RDX.
The details of reaction pathway P4 are the least wel! characterized of the four pathways.

Summary of RDX Results

To compare the decomposition pathways of the other cyclic nitramines with those of RDX,
we first summarize the RDX results. The decomposition pathways of RDX were determined
from both the extent of isotope crossover and deuterium kinetic isotope effect (DKIE) in
experiments with isotopically labeled analogues of RDX and the temporal behaviors of the
gas formation rates of the decomposition products as shown in Figure 1 (additional results
may be found in References 3 and 4).

For all of the decomposition products, the gas formation rates rise rapidly as the sample melts
at 200°C. For OST, the rate of gas formation rises rapidly as the sample melts and gradually
decreases as the RDX sample is depleted. This is characteristic of reaction pathwzy P1. For
ONDNTA, the gas formation rate gradually increases as the sample is depleted. This
behavior is due to the increasing vapor pressure of ONDNTA in the reaction cell which in
tumn is due to the increasing mole fraction of ONDNTA in the sample as the decomposition
progresses. The temporal behavior of ONDNTA characterizes reaction pathway P3. For N-
methylformamide (NMFA), the gas formation rate also gradually increases as the sample is
depleted. This behavior is also characteristic of the other formamides formed during the

Gas Formation Rate (moles/s x 1010)

Temperature ( °C)
Figure 1. Contributons of the four pnmary dccomposition pathways to the vanous products formed
during the thermal decomposition of pure RDX. The bold hinc (e=mes) 10 all of the graphs rcpresents
the total contribution from all of the reaction channels  The bold hine (wmee) 1n OST represents the
* .zouulion by reaction pathway P1. The thin dashed ( — — ) hines shown in N2O. CH20. NO», and
N1:2CHO represent the contributions from reaction pathway P2, The bold dashed lincs (m  we )
represent the contribution from the ONDNTA decomposition pathway P3. The thin solid lines

( ) that peak near the highest temperature correspond 1o the contribution from the catalytic
dccomposition pathway P4. The calculated rate of formauon of CH,0 is equivalent to the rate of
formation of N20O. The difference between the calculatcd and measurced rates of formation of CH20 is
due to its reaction within the sample cell.
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decomposition. The rates of gas formation shown for N2O, CH20 and NO; have temporal
behaviors that are due to contributions from three of the RDX decomposition pathways. The
contribution that increases rapidly as the sample melts and falls off gradually as the sample is
depleted arises from reaction pathway P2. The contribution that peaks midway during the
decomposition (bold dashed line in Fig. 1) arises from the decomposition of the ONDNTA
termediauw in reaction pathway P3. Finally, the contribution that increases gradually during
the decomposition and peaks just prior to complete depletion of the sample is characteristic of
the catalytic reaction pathway P4.

Liquid-Phase Decomposition of HMX

Comparison of the liquid-phase decomposition of HMX to that of RDX will show whether
decomposition pathways similar to RDX control the decomposition of HMX or whether the
higher melting point of HMX and its decomposition in the solid phase prior to melting alter
its decomposition mechanism. The liqv:d-phase decomposition products from HMX that are
observed in our experiments include: H2O, HCN, CO, CH»0, NO, N20, NO,, formamide,
NMFA, N,N-dimethylformamide, and ONTNTA (VII). In addition, we observe ion signals at
m/z values of 70 and 97. Experiments with 2H, 13C, and 15N isotopically labeled HMX
analogues have shown that the 10n signals at these two myz values correspond to 10ns with
formulas of C2N2H»0 (70) and C3N3H30 (97). For RDX, the 10n signals at m/z values of 70
and 97 both arise from the OST decomposition product. However, for HMX, differences in
the relative intensines of these two ions, 1n addition to differences in their temporal behaviors
in the HMX experiments, show that they arise from two different decomposiuon products
These 10n signals clearly arise from thermal decomposition products that are similar to the
OST formed during the decomposition of RDX. However, without ume-of-fight (TOF)
velocity-spectra measurements of these ion signals, it is not possible to determine whether the
observed ion signals are molecular ions, and thus have the same formula as the thermal
decomposition products, or whether they are daughter 1ons formed from a decomposition
product with a higher molecular weight. In either case, the 10n signals at m/z values of 70 and
97 are associated with fragments from the HMX ring formed in a manner similar to reaction
pathway P1 for the RDX decomposition.

The results shown for the decomposition of HMX in Fig. 2 are consistent with the four
decomposition pathways found for the decomposition of RDX. A reaction pathway similar to
reacton pathway P1 for RDX produces the HMX-ring fragments that are charactenzed by the
10n signals at myz values of 70 and 97 shown in Panel b of Fig. 2. These two 10n signals first
appear when the HMX sample liquefies at approximately 276°C and their signal strength
decreases as the HMX sample 1s depleted. This behavior 1s similar to that observed for OST
formed 1n the decomposiion of RDX

The temporal behavior Jf the 10n signals formed from the monomtroso HMX analogue,
ONTNTA. (shown in Panel ¢ of Fig. 2) is similar to the temporal behavior of ONDNTA
observed in the liquid-phase RDX decomposition  Note the increase in the amount of
ONTNTA associated with the vertical arrow on the nghtin Fig. 2. This behavior 1s simular to
that observed for ONDNTA during the decomposition of RDX . One significant difference
U 2en the behavior of the monomitroso product in the decomposition of HMX compared
Wit . .. decomposition of RDX 1s that a much larger amount of ONTNTA 15 released from
the HMX sample before it hquefies. As can be seen trom Fig. 2. the size of the 1on signal
associated with the ONTNTA product does not show o sigmificant increase as the sample
liquefies. This indicates that the decomposiion of HMN to 1ts monomiroso analogue 15 a
major decomposiuon pathway in the solid-phase  This 18 sinilar to the results found tor the
decomposinon of RDX 1n the solid phase except. that at the higher temperatures associated
with the decompositon of HMX. the reacuon rate 1or tne termation of ONTNTA 1y greater
and a larger fraction of the HMX sample has decomposed via a reaction pathway similar to
pathway P3 prior .o the hquefacuon of the HMX sample

The temporal behar -~ - Hf the 10n signals assoctated with the CH20 and NaO tormed
doms L decomposi. « of HMX after its hquetacuon have the same broad type of peaks
that were observed for these products in the decomposition of RDX. Both of the 1on signals
associated with these products show a rapid increase as the HMX hquefies and an 1nitial peak
that is correlated with the ion signals associated with the products formed trom the ning of the
HMX molecule. The CH20 and N20 formed later in the decomposiion appear to be
correlated with the ONTNTA product and also display a temporal behavior that is
charactenstic of an autocatalytic decomposition channel simufar to pathway P4 for RDX
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Figure 2. lon signals associated with various thermal decomposition products formed during the
decomposition of HMX as the sample melts. The sample melts at 276°C. The signal associated with
thermal decomposition fragments formed from the ring (b) only appear in significant quantities as the
sample melts. Other products associated with this pathway are indicated by the vertical arrow. on the
left. After the sample melts a second set of products that peak later in the decomposition is observed
as indicated by the arrow. on the right. These products are associated with the amides, such as the N-
methylformamide. This behavior is similar to that observed for RDX decomposition in the liquid
phase. However, in contrast to the decomposition of RDX, substantial amount of thermal
decomposition occurs prior to melting of the sample. Note the relatively large amount of the
mononitroso analogue of HMX (ONTNTA) observed prior to meliing. The heating rate is 2°C/min.

The initial increase in the CH20 anad N2O signals after the HMX sample liqueties is aiso
similar to that observed in the decomposition of RDX and associated with decomposition via
reaction pathway P2. From the relative s.ves of the ion signals associated with the CH20 and
N20 products compared to those associate. with the HM ring fragment ion signals at m/z
values of 70 and 97 this would suggest that the relative amount of HMX that decomposes by a
pathway similar to P2 compared to pathway P1 is greater for HMX than for RDX. In light of
the fact that the decomposition of HMX occurs at a temperature about 70°C greater than
RDX, the behavior of CH;0 and N2O tends to suggest that reaction channel P2 may become
more dominant than reaction pathway P1 at higher temperatures. However, it is also possible
that the increase of the CHO and N,O signals after the HMX sample liquefies is due to an
increase in the decomposition rate of ONTNTA, formed in the solid-phase decomposition.
Without further quantification of the HMX results, it is rot possible at this time to determine
exact relative decomposition rates of the various HMX decomposition pathways.

Relative Stabilities of RDX, HMX, OND an

The relative rates of formation of the major thermal decomposition products formed from
RDX, HMX, ONDNTA., TNCHP atd L. ar= shown as a function of temperature in Figure 3.
Both RDX and HMX utcompose slowly in the solid phase and exhibit a rapid increase in the
decomposition rates upon melting. In comparison to RDX and HMX, both ONDNTA and
TNCHP do not undergo the same rapid increase in the decomposition rate upon melting as
illustrated in Fig. 3. For ONDNTA, this may be due a slower decomposition rate at the
temperature associated with its lower melting point of 168°C. As ONDNTA melts there is
already evidence of decomposition. The entirce ONDNTA sample has decomposed below
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200°C (below the melting point of RDX). TNCHP, on the other hand, is quite stable in the
liquid phase. TNCHP melts at ~170°C but it does not show the first evidence of
decomposition until ~205°C and only starts to decompose at more rapid rates above 240°C.
Its decomposition behavior clearly differs from RDX and HMX.

The replacement of a methylene group in RDX with a keto group makes the resulting K6
compound less thermally stable as can be seen from Fig. 3. K6 starts to decompose at ~150°C
and kas undergone complete decomposition by 180°C. K6 appears to decompose below its
nominal melting point (180°C), although such extensive decomposition below 180°C suggests
that its melting point is uncertain. Consequently, we do not know at present whether K6
decomposes in the solid or liquid phase. However, it is clear that K6 is the least thermally
stable cyclic nitramine ot those used in the present study.
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Figure 3. The ion signals associated with various decomposition products formed during the
decomposition of RDX, HMX, ONDNTA, TNCHP, and K6. The heatung rate for each expenment
was 2°C/min. The ion signals are related to the gas formation rates of each decompasiuon product by
an undetermined mass spectrometer sensitivity factor. Thus, the ion signals represent only the
temporal behavior of each decomposition product and not their relative rates of formation.

Thermal Decomposition of ONDNTA

The thermal decomposition of ONDNTA is a complex process that also occurs via multiple
pathways. The results presented in this paper cover our initial analysis of the thermal
decomposition of ONDNTA and are used to show the qualitative behavior of the
decomposition of ONDNTA. Quantification of our results requires further expenments and
analysis and will appear at a later date.

The mass spectrum of ONDNTA has been presented previously,!! At 20 eV, the major
ion siguals are CoHgN+ (m/2=42) and CoH4N2(NO)NO3+ (m/z = 132). The mass spectrum of
ONDNTA differs from RDX in that the ONDNTA forms most of its daughter ions by loss of
fragments from the nng whereas RDX forms more of its daughter ions by loss of substituents
on the ring.

The products formed during the thermal decomposition of ONDNTA are determined from
STMBMS measurements that have been reported previously !! Two of the major products
formed are CH70 and N;O. An 1on signal measured at m/z=28 also onginates from a major
decomposition product that may be either N3, CO, or possibly C2H,,. The fourth major
product observed in the decomposition forms an ion signal at m/z=42 that has the formula
CoH4N+* and is associated with a thermal decomposition product with a molccular weight less
than 60 amu. Since it is less likely that the CoHgN radical 1s 2 major de.omposttion product.
formation of C2HsN by abstraction of a hydrogen atom may be a :nore rcasonable product
This species is consistent with the 10n signals at m/z = 43 from ONDNTA-ul and m/z = 4§
from ONDNTA-d6 formed during the decomposition. This type ~f ~ng fragment has not
been observed as a major product in the thermal dec~mposition 0. . ..r RDX or HMX.

Other products formed dunng the decomposiuon of ONDNTA include: H»0, HCN, NO,
NO; and HO..Q. Similar to the decomposition of RDX and HMX, three amides are also
observed (formamide (m/z=45), N-methylformamide (m/z = 58.59) and N.N-
dimethylformamide (m/z = 73)). Higher molecular weight products observed during the
decomposition include two species, CaN3H3 (m/z = 81) and C3N3Hg (n/z = 84), in which the
ONDNTA ring appears to remain 1ntact. Two other higher molecular weight species that




appea: during the decomposition are associated with the ion signals observed at m/z values of
85 and 132. Since the ONDNTA itself forms a large ion signal at m/z =132, it has been
difficult to determine the exact molecular weight of the thermal decomposition product that
leads to the signal at m/z = 132. If the molecular weight of the product is 132, this would
indicate that one of the decomposition pathways of ONDNTA involves elimination of
methylenenitramine (CH>=N-NO7). If C2H3N30* (m/z=85) is a molecular ion, then this
thermal decomposition product may be formed by the loss of HONO from CoH4N2(NO2)NO
(m/z=132) to form a species such as CH»=N-CH=N-NO. Further TOF velocity spectra
measurements and analysis will provide more conclusive findings on these species.

The temporal behaviors of the ion signals associated with the ONDNTA thermal
decomposition products are consistent with a multiple pathway decomposition mechanism.
Figure 4 shows the temporal behaviors of the ion signals associated with the major products
formed during an isothermal decomposition of ONDNTA-ul and ONDNTA-d6. In these
experiments the sample starts to decompose as it is heated to its isothermal temperature. For a
first order reaction in ONDNTA, one expects the ion signals arising from the decomposition
products to decrease as the sample size decreases once the sample reaches its isothermal
temperature. However, the CH20 and N2O signals continue to increase after the isothermal
temperature is attained. This behavior is similar to that observed in the decomposition of
RDX in that multiple pathways control the decomposition. This behavior is supported by the
temporal behaviors of several ion signals associated with the other decomposition products.
As can be seen from Figure 4, the product associated with the ion signal at m/z = 132 appears
to be first order in ONDNTA since the signal decreases as the sample is depleted. On the
other hand the product associated with the ion signal at m/z =85 slowly increases as the
sample is consumed and peaks just before the sample is depleted. Temporal behaviors similar
to m/z = 85 are observed for the amide products. The product associated with the ion signal
at m/z = 132 may originate directly from a unimolecular decomposition of ONDNTA,
whereas, the amides and the products associated with the m/z = 85 signal may arise through
cither an intermediate or an autocatalytic pathway. As shown in Figure 4a to 4c, the CH,0
and N20 products, along with several lighter products, have temporal behaviors that increase
as the sample size decreases and thus probably arise from both a first-order pathway and an
intermediate or autocatalytic pathway. .

The effect of hydrogen transfer in the rate limiting step of the different decomposition
pathways is illustrated by the ion signals associated with the CH>O and N2O products shown
in Figure 4a and 4d. In contrast to the temporal behaviors of the CH20 and N2O signals
measured during the decomposition of ONDNTA-ul, the CD20 and N,O signals measured
during the decomposition of ONDNTA-d6 show a fall off as the sample size decreases and is
indicative of a first order reaction in ONDNTA. This indicates that the reaction rate of the
intermediate/autocatalytic decomposition channel of ONDNTA is much slower for
ONDNTA-d6 than ONDNTA-ul, and thus, the intermediate/autocatalytic channel exhibits a
very strong DKIE.

One other interesting feature observed in the decomposition of ONDNTA is the evolution
of N20 and CH;O as the sample is heated but prior to melting. These peaks occur in the
CH20 and N0 signals between 800 and 1500 seconds in Figure 4a and 4d, and evolve over a
temperature range from 120 to 170 °C. Contamination of the original sample has been
climinated as an explanation for this peak. Details of the mechanisms controlling each of the
decomposition pathways of ONDNTA require a more detailed examination of the ONDNTA
data, which is currently underway.

Thermal decomposition products from TNCHP

TNCHP is more stable in the liquid phase than either RDX or HMX. The major products
formed 1n its decomposition are CH,0 and N7O. Products formed to a lessor extent include:
H0, HCN, NO, and NO3. Ion signals, representing other dccomposition products, are also
observed. Further measurements utilizing deuterium labeled TNCHP and TOF velacity
spectra are underway to determine the 1dentity of the thermal deean sesition produce., wading
to these other 1on signals. The temporal behaviors of the major 10n signals are shown in
Figure 5. These results illustrate the increased thermal stability of TNCHP in the liquid phase
compared to RDX. The 1o0n signal at m/z = 146 1s analogous to the ion signal at m/z = 132
that arises from ONDNTA. Thus, the 10n signal at m/z =146 most likely arises from the
mononitroso analogue of TNCHP.
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Figure 4. lon signals associated with thermat decomposition products from ONDNTA. Signals in
panels a, b and ¢ are from unlabeled ONDNTA and signals in d, ¢ and f are from ONDNTA-d6. The
signals in the left shaded porntion of the graphs were recorded during the thermal ramp of the sample
and the right shaded portions were recorded at the isothermal temperature listed on each graph. The
large osciliations in the ion signals at m/z values of 132 and 136 is due to the large correction factor
that was used to subtract the contribution from evaporating ONDNTA at these two m/z values.
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Figure 5. Ion signals associatcd with the products formed during the thermal decomposiuon of

TNCHP. The heating rate is 2 °C/mun,

In isothermal experiments with TNCHP, the temporal behaviors of the ion signals
associated with the decomposition products from TNCHP are indicative of several parallel
reaction pathways. The temporal behaviors of several of the products are illustrated in Figure
6. lon signals associated with processes that are approximately first order in TNCHP are
represented by the signals for NO and NO2 in Fig. 6 and also include signals that represent
HCN. lon signals associated with intermediate products formed during the thermal
decomposition are found at m/z values of 55, 84, 130, and 146. The 10n signals at m/z values
of 55, 84 and 130 have temporal behaviors similar to that of 146, which probably represents
the mononitroso analogue of TNCHP. This suggests that the ion signals at m/z values of 55,
&4 and 130 may be 10n dissociation products of the TNCHP mononiroso analoguc. TOF
velocity spectra signals at these m/z values will resolve whether these signals are ion
dissociation products formed in the mass spectrometer or whether they anse from additional
thermal decomposition products.

A stable product, similar to the formation of OST in the decomposition of %%, is not
observed in the thermal decomposition of TNCHP. This s.abuiity 10 form a decomposition
product by stabilizing the nng of the cyclic nitramine may lead to the increased thermal
stability of TNCHP.
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Figure 6. Ion signals associated with the thermal decomposition products from TNCHP. The region
in the left shaded pancl is the heating portion and the right shaded panel is the isothermal portion of
the experiment. The ion signals representing NO and NO7 appear to be approximately first order in
liquid-phase TNCHP. The ion signals at m/z values of 130 and 146 are associated with an
intermediate formed during the thermal decomposition. The ion signals associated with CH»O and
N70 probably originate from pathways associated with both the first order process and the
decomposition of the intermediate.

Thermal decomposition products from K6

The decomposition of K6 is quite different from the other cyclic nitramines used in this
study. In addition to its lower thermal stability, K6 also produces fewer and simpler
decomposition products. The decomposition products from K6 are mainly CH20, N2O and
CO3, with minor contributions from HCN, CO, NO and NO3. Unlike the other cyclic
nitramines used in this study. K6 does not form any amides, mononitroso analogue, or
residue. The temporal behaviors of the products formed during the decomposition of K6 are
shown in Figure 7.
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Figurc 7. lon signals formed in the mass spectrometer from products formed dunng the thermal
decomposition of K6.

The decomposition of K6 may be imuated by attack of one of the NO» oxygen atoms on
the keto group carbon atom leading to the initial elimination of CO» and followed by the rapid
transformation of the remaining fragment into CH20 and N>O. The rate of decomposition of
K6 through this imtial four center C-N-N-O complex would appear to be competinve with N-
NO2 bond breaking 1n that no monomitroso analogue or amides are cbserved in the
decomposition of K6.

SUMMARY

Through the use of measurements of the temporal behaviors of the gas tormation rates of
.. products formed durning the thermal decomposition of RDX and the analvsis of results
trom DKIE and isotopic scrambling experntments with the 2H, 13C, I5N, .2 % labeled
analogues of RDX., we have previously determined that four different pnimary reaction
pathways control the decomposition of RDX. These pathwavs consist of 1) the unimolecular
decomposition of RDX to form oxy-s-tnazine (OST) through HONO and HNO ehinmnation,
2) the ummolecular decomposiion of RDX via the N-NO» bond breaking step with the
subsequent unraveling of the RDX ning, possibly through the methylenenitramine
intermediate, to form N2>O and CH20, 3) the conversion of RDX 1o 1ts monomtraso analogue
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ONDNTA followed by the subsequent decomposition of ONDNTA 1o predominantly N2O
and CH70, and 4) the catalytic decomposition of RDX by some catalyst formed from the
RDX decomposition products. The products associated with the formation of OST exhibit a
DKIE and the OST itself shows no evidence of isotopic scrambling of any of the elements in
the molecule. Consequently, it appears that the formation of OST involves an intra-molecular
hydrogen transfer step that controls the decomposition of RDX in this channel. Just as
importantly, the CH,0 and ONDNTA products do not exhibit a DKIE and thus indicate that
the products produced through the channels associated with these products do not involve
transfer of hydrogen in the rate limiting step.

Through examination of the temporal behaviors of the ion signals associated with the
thermal decomposition products from HMX in the liquid phase, it was found that the
decomposition of HMX also occurs by multiple decomposition pathways. lon signals
associated with fragments of the HMX ring are observed for the thermal decomposition of
HMX in the liquid phase. No molecular ion of an HMX decomposition product that is
analogous to OST formed in the decomposition of RDX is observed. The temporal behaviors
of several of the HMX decomposition products are approximately first order in HMX,
indicating that pathways similar to pathways 1 and 2 observed in the decomposition of RDX
are also present in the decomposition of HMX. The mononitroso analogue of HMX,
ONTNTA, and its associated decomposition products are also formed during the
decomposition. This behavior is similar to that of RDX. In addition. ONTNTA is formed in
significant quantities in the solid phase of HMX prior to melting.. However, since HMX
melts at a temperature approximately 80 °C higher than RDX, more solid-phase
decomposition occurs in HMX. Finally, several amides and a residue are also observed in the
decomposition of HMX.

Through examination of the temporal behaviors of the ion signals associated with the
thermal decomposition products from ONDNTA, the mononitroso analogue of RDX, and its
deuterium labeled analogue. it was found that it also decomposes by multipic decomposition
pathways. The major products formed in the decomposition of ONDNTA include CH20,
N0 and a lower molecular weight product that forms C2HsN+ in the mass spectrometer and
whose exact identity has not yet been determined.. Several 10n signals are associated with
decomposition products :hat exhibit approximately first order behavior mn liquid-phase
ONDNTA. One higher molecular weight product that exhibuts this first order behavior is
associated with the ion signal at m/z = 132. One component of the jon signals associated with
the CH20 and N>O products 1s associated with this first order process.  Another
decomposition pathway exhibits avtocatalyuc behavior and has a large deutennum kineuc
1sotope effect. The resutts on the thermal decomposition of ONDNTA are consistent with the
behavior of the ONDNTA 1ntermediate formed 1n one of the RDX decomposition pathways
The present results on the aecomposition of ONDNTA show that more complicated pathways
control 1ts decomposition than assumed 10 its patnway tor RDX. The decomposition behavior
of ONDNTA formed as the intermediate in the decomposition of RDX may actually play a
role in the more complicated chemistry associated with the autocatalytic pathway in RDX.

The decomposit:on of TNCHP and K6, two other cyvelic mtramine compounds with
molecular conformations similar to those of RDX. has shown the effect of different molecular
conformations on the vanous decomposttion pathwayvs. Of the tour cyvelic mtramines studied.
RDX. HMX. Ko, and TNCHP. only TNCHP shows sigmficant stabihty atter melung, Qur
initial results on the gecomposition of TNCHP saow several products that exhibit a temporal
behavior that 1s first oraer in iriquid- phase TNCHP. However. there 1s no evidence ot any
product formed 1n the aecomposition of TNCHP that 1y simuar 1o either QST tormed i the
decomposition of RDX or the nng tragments tormed 1n e aecomposition of HMN - This
mability to form & stabie product with the g 1rom e Cveie MIramine MLt may account
tor the increased stabiny of TNCHP 1 the nquid pnase ‘Tnere dre several on signals
assocated with decomposition products from TNCHP mat inaicate that TNCHP also omms o
mononitroso intermediate that controls one of the decomposiion patnwavs This 1s simadar to
both RDX and HMY esults show that the thermal stabiiny of Ko s much tess than the

b+ & e compouna e thermal decomposinon of Ko praduces oniv CH>O. N, and
CO» with munor amounis of HON, CO. and NO> Quanitatnve.y. the decomposition pathways
of Ko appear to be less complex than those of RDXLHMX and TNCHP
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MOLECULAR COMPOSITION, STRUCTURE, AND
SENSITIVITY OF EXPLOSIVES

CARLYLE B. STORM AND JAMES R. TRAVIS
Explosives Technology and Applications Division, Los Alamos National Laboratory,
Los Alamos, NM 87545

ABSTRACT

High explosives, blasting agents, propellants, and pyrotechnics are all metastable relative to
reaction products and are termed energetic materials. They are thermodynamically unstable but
the kinetics of decomposition at ambient conditions are sufficiently slow that they can be
handled safely under controlled conditions. The ease with which an energetic material can be
caused tc undergo a violent reaction or detonation is called its sensitivity. Sensitivity tests for
energetic materials are aimed at defining the response of the material to a specific situation,
usually prompt shock initiation or a delayed reaction in an accident. The observed response is
always due to a combination of the physical state and the molecular structure of the material.
Modeling of any initiation process must consider both factors. The physical state of the
material determines how and where the energy is deposited in the material. The molecular
structure in the solid state determines the mechanism of decomposition of the material and the
rate of energy release. Slower inherent reaction chemistry leads to longer reaction zones in
detonation and inherently safer materials. Slower chemistry also requires hot spots involved in
initiation to be hctter and to survive for longer periods of time. High thermal conductivity also
leads to quenching of small hot spots and makes a material more difficult to initiate. Early
endothermic decomposition chemustry also delays initiation by delaying heat release to support
hot spot growth. The growth to violent reaction or detonation also depends on the nature of the
early reaction products. If chemical iniermediates are produced that dnve further accelerating
autocatalytic decomposition the initiation will grow rapidly to a violent reaction.

In ion

The relationship between the constitution of an organic explosive and the sensitivity and
performance of the material is a question of long standing interest. The subject was first
reviewed in 1944.! It was demonstrated early in the systematic invesugation of high explosive
properties, using homogeneous mixtures of liquids of continuously varving oxygen balance.
that power, detonation velocity, brisance, and sensitivity all increase as the oxygen balance
moves towards a product composition of carbon dioxide and water. and then decreases as the
explosive becomes overly oxygen rich.1.2 In the late 1950s Kamlet and coworkers began a
series of studies that related molecular composition and structure 1o impact sensitivity*-¢ in a
wide variety of organic explosives. A major interest in these studies was to identify “trigger
linkages” in molecular structures so as to avoid kinetically labile structural components in
future syntheuc efforts. A variety of other investigations have studied the effects of such
parameters as bond polanties, molecular composition, electronegativity  and early
decomposition chemistry7-2} on sensitivity.

Sensitivity Testing

The sensitivity of an energetic material is always defined relative 1o a particular test. The
test may be designed to give information about a particular hazard situation or to provide more
general information implying how ¢! :rgetic material will behave over a wider range of
conditions. T:.. arc amed out to measure the explosives response to energy mnput from
shock, impact. thermal, friction, and electrostatic discharge sources. The number of materials
that have been tested under the different categories and how well the tests are characterized
varies widely. Shock mitiation tests are expensive and require relauvely large amounts of
material. The shock initiation tests tend to be well characterized but relatively few matenals.
either pure compounds or formulauons, have been tested. Drop-weight-impact testing 1s
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relatively simple and uses a small amount of material. However the important characteristics of
the test are not understood, it exists 1n a bewildering vanety of forms, and relies on different
indicators for go/no-go responses. This test has been used to examine by far the largest variety
of pure high explosive compounds and formulated matenals. A summary of the LANL Type
12 impact results for 258 compounds drawn from 14 different structural classes has been
published.2! A compilation of Navy small scale gap test data for 52 pure materials and
formulations has also been published.??

Any effort to understand structure/composition effects on sensitivity must draw upon the
sensitivity testing literature for a data base. The results of any sensitivity test are affected by
the phys-cal structure of the material (macrostructure of grain size, hardness, crystal structure
that can ead to topotatic reactions, etc.)23.2% and the molecular structure of the material in the
solid state (chemical mechanism of decomposition and rate of heat release).2!-24 In order to
understand the role of molecular structure and composition in sensitivity one must deconvolute
these difterent contributions to ¢ narticular test. In order to do this you will have to model the
physical effects involved and the chemical kinetics of the decc.aposition under the conditions
of the test. Success in modeling these diverse tests will move us away from a go/no-go
probabilistic basis, provide insight into the Zominate physical and chemical factors controlling
the test result, and permit more deterministic (as opposed to probabilistic) testing methods to be
developed.

Initiation and Pronagation

The material properues of the high explosive profoundly affect the initianon and
propagation of a detonation, a result of the intimate interaction of fluid mechanics and
chemistry. The initiation process is driven by the localization of energy in hot spots by the
shock. Hot spot formation is a comphlicated 1nteraction of mechanics and chemusiry
Mechanical action, such as crushing, void collapse. local shock interactions, and jet formanon
heat the explosive initiating decomposition. Whether the resulting reaction will build up to
detonation is determined by the balance between the energy generated in the hot spot (rate of
chemical decomposition), the rate of heat dissipation through thermal diffusion®$ (smail hot
spots), and the rate of quenching?® by rarefacuons (larger hot spots). The questions of particle
size distribution and reaction rates in shocked material. including TATB. have been considered
by various 1nvestigators.~’

Other sensitivitv tests relving on impuct. electrostate discharge, or thermal 1gnition sources
are less well charactenzed than the sheck imuation  The balance between energy productior
and energy loss 1 thermal imtianon*” was detined some ume ago by Frank-Kamenetshin (FK
and remains the basis for the analysis of most mmbanon prenomena. If vou can model the
extert of localizanon of energy. which will give vou a local temperature, the FK approach will
indicate whether the local hot spot will grow or decuy

A complete mathemancal deseniption of an intianon, propagation. or detonatnon must have
the equations of motion. the equaton of state of the materwal and reaction products, and the hea:
release rate (progress variable). In principle. we must know the chemical kinenes of the
reaction process to get the heat release rate Most modcels now m use have a single Arrhenius
rate parameter to model complex chenustry  Current research on the chemisiry of energet..
maternials at high temperatures and pressures 1s providing o ghmpse of the possibilines™, bue
this 1s still a demanding research area for the tuture  Unnl exact quartitauve informatior
concerning the physical and chemical tactors myvorved 1 manon and propagation can b,
obtamed. the effects of composition and structure on sensun s are best judged by vananons v
behavior 1n a homologous senes of related compound«

TATB - A Paradigmn for an Insen<r . Hhigh Expiost,

1.3.5-Tnamino-2 4.6-tnnitrobenzene {TATB) was nirst prepared by Jackson and Wing i
1887.28 In the mid-1950's the U.S. Navy mvesngated TATB as a potential heat-resistan:
explosive. They established that the material had good explosive properties, was quite heat
resistant, and was extraordinarily msensitive. In the 19607 Los Alamos Scientific Laboratory
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began investigations of the possibility of using TATB as an insensitive high expiosive (IHE)
and extensive studies of the fundamental physical properties of the material. The x-ray crystal
structure determination?? for TATB showed that the material had a high density and unusually
strong intra- and intermolecular hydrogen bonding.

Since the intensive investigation of TATB began in the 1960s two proposals have been
consistently put forward relative to its extreme insensitivity. One is that TATB is a very
unusual outlier, insensitive due to a fortuitous combination of as yet unidentified properties.
The implication of this approach is that equally unusual outliers may well turn up in other
classes of explosives, such as nitramines or nitrate esters, if enough cornpounds are examined.
The second proposal ascribes the insensitivity to the hydrogen bonding in TATB. The
implication of this hypothesis is that one should synthesize materials with extensive hydrogen
bonding in the search for other IHESs.

The question of the performance and sensitivity of TATB is best examined in the context of
the properties of other substituted-nitroaromatic high explosives. In rable 1 we give a
selection of physical, performance, and sersitivity properties for the nitroaromatic and
aminonitroaromatic homologous series and several related compounds.

Table 2. A comparison of properties of TATB and HMX.

PROPERTY TATB HMX Ref,
Density (g/cm3) 1.938 1.905 30
Thermal conductivity (cal/cm s °C) 1x 103 7 x 104 31
Drop-weight impact (50% ht. cm.) » 320 33 30
Small scale gap test, NSWC, 16.5 2.0 21
(GPa @ 98% TMD) .
Failure diameter (mm) 9 1 32
Reaction zone thickness (mm) 6 0.1 26
Detonation velocity (m/s) 7.76 9.1 30
Gumey energy (MJ/kg) 1.1 1.6 30
Heat of detonation (MJ/kg) -5.02 -6.78 30

In Table 2 we compare the properties of TATB and cyclotetramethylenetetranitramine
(HMX). HMX is the highest performance explosive in use, TATB the most insensitive high
performing explosive in use. The detonation velocity of HMX is some 17% greater than that
of TATB, the Gurney energy 45% greater, and the heat of detonation 35% greater  One reason
that TATB performs as well as it does, given the relatively low heat of detonation, 1s 1ts
unusually high density. An atom additivity calculation predicts33 a density of 1.80 g/cm?, well
below the 1.94 g/cm3 observed. This large positive density deviation is a consequence of the
strong in-plane hydrogen bonding29 observed in the crystal structure. Without this high
density the performance of TATB would not be high enough for the material to be of any
practical interest. Even with this large positive deviation in density the material 1s still well
below HMX in all of the figures of merit for performance. However in all measures of
sensidvity TATB is vastly better than HMX.

Since HMX (mtramine) and TATB (mtroaromatic) are diawn from different structural
classes of organic high explosives any comparison of sensitivity to performance wnvolves
apples to oranges analogies. A comparison of TATB properties to materials drawn from a
related homologous series is given in Table 1. This comparison speaks to the qusstion of
whether TATB is an unusuai outlier in its sensitivity or whether it is behaving as a reasonable
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member of the series of compounds it belongs to. Earlier we defined?! an oxygen balance
related Sensitivity Index (SI), similar to that used by Kamlet.3-6 In Figure 1a we show how
the shock initiation in the NSWC small scale gap test of wrinitrobenzene34 (TNB)(S), picramide
(MATB)(12), 1,3-diamino-2,4,6-trinitrobenzene (DATB)(15) and TATB(18) vary at 90%
theoretical maxirum density (TMD) as a function of SI. For similar plots at 95% and 98%
TMD the series takes on a regular concave upward shape. In all cases TATB sits very much
where you would expect it to be based on its oxygen balance in this homologous series.

In Figure 1b we compare the drop-weight impact sensitivity of this same series (TNB,
MATB, DATB) plus hexanitrobiphenyldiamine (DIPAM)(33) and extrapolate the line to the
measured shock sensitivity of TATB. This estimates the drop-weight impact sensitivity of
TATB at about 500 cm. The machine used in the Type 12 impact sensitivity measurement only
extends to 320 cm. Thus the results are reported as »320 for any compound that gives no-goes
at the maximum height available on the machine. The estimate given by the comparison of the
shock initiation to the impact initiation for this series is quite reasonable. That the TATB gets
hot enough to react has been demonstrated by impact studies35 done on heat sensitive film.
Although reaction is initiated at a drop height of 320 cm it does not propagate to give a “go” on
the acoustic analyzer. In a similar manner if you plot the SI of the closely related series
TNB(5), MATB(12), DATB(15), TATB(18), DIPAM(33), and hexanitrobiphenyl(29) against
the impact sensitivities for the series the estimated value of 500 cm for TATB fits well and is
quite reasonable.

If you now extend that series to the more highly substituted polynitrobenzenes,
hexanitrobenzene (1), tetranitrobenzene (3), and pentanitroaniline (4), using the SI and impact
sensitivity of the first nine materials in Table 1, Figure lc, there is a sharp break in the
correlation at TNB(S). However, if you use the heat of detonation (AHy,,) as an index for the
impact sensitivity all of the related compounds fall on a single regression. This suggests that
the mechanism of decomposition of this series is similar or changes gradually as you move
through the series and that the ease of initiation and propagation is controlled by the rate of heat
release generated in the hot spots. Insight as to the early mechanism of decomposition of
TATB should provide information as to one aspect of :ts insensitivity. ’

Sharma and coworkers36-38 have investigated the shock and impact induced early
decomposition of TATB. They have observed several furazan and furoxan compounds
resulting from the cyclization of the ortho-aminonitro functional groups, Figure 2. There are
several interesting observations relative to the accumulation of these compounds. (a) The
furazans and furoxans represent explosives that are known to be or are expected to be much
more sensitive than TATB. For instance, the known §,7-diamino-4,6-dinitrofuroxan observed
in the shock induced decomposition has an impact sensitivity intermediate between TNT and
DATB. (b) The dehydration of the ortho-aminonitro functional groups to the furazan or
furoxan function is approximately thermochemically neutral. The formation of water is about
65 kcal/mole exothermic, the furazan or furoxan formation is about the same amount
endothermic. (c) The chemical reaction products are chemically benign. Typically an energetic
material will react by generating fuel and oxidizer by separate pathways which combine later to
provide the large, prompt, release of energy. Water has no further role to play in chemical
reactivity and the furazan, furoxan, or similar intermediate has to undergo further
decomposition 1o feed the appropriate pathways. This places a very effective neutral filier m
the decomposition mechanism. A mechanism of decomposition that involves a series of
consecutive reactions culminating in an explosive reaction is consistent with® the observatons
of Catalano and Rolon on the thermal decomposition of confined TATB. They observed four
separate stages to the evolution of the thermal decomposition. The culminating explosive
reaction is the result of the development of either chain and/or concurrent reactions.

The early reactions proposed in the shocl.- ¢ _att-induced decompostton of TATB are
disfavored by pressure, a, they .osult in the formation of multiple species. It has been
suggested by Rogers, based on solid state deuterium isotope effect studies on the thermal
decomposition, that the thermal degradation of TATB involves a positive activation volume.
Studies of TATB under high static pressure® in diamond anvil cells (up to 16 GPa) have
shown it to be very stable to pressure effects. The vibrational frequencies show an unusual
pressure dependence. ascribed to variations in th; NHy/NO2 coupling as the pressure
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increases. A facile photolytic reaction, which gives a green product, is strongly suppressed at
higher pressures.

Summary

TATB offers a number of useful lessons regarding the origins of chemical contributions to
insensitivity. It is a very insensitive material by any measure: shock, impact, or thermal
initiation. If viewed in the context of the homologous series to which it belongs, TATB
behaves very much as one would expect. The large decrease in sensitivity with each addition
of an amino group to the nitroaromatic ring is the result of several factors working together in
the same direction. The ortho-nitroamino functional arrangement favors the mechanism
involving furazan and furoxan intermediates. This thermochemically neutral path requires the
hot spot to “live” for a longer time before it gains energy from chemical decomposition and can
grow. Also the sequential nature of the decomposition requires the build up of reactive species
before chain and/or concurrent mechanisms leading to large heat release develop. The
increased hydroafcn bonding developed as you proceed through the homologous series from
TNB to TATB also probably increases the thermal conductivity markedly. This in turn aids in
quenching smaller hot spots. This increased hydrogen bonding is also responsible for the
sharp increase in density, 1.68 g/em3 to 1.94 g/em3, that takes place in the TNB to TATB
serics. The steady increase in performance combined with the remarkable decrease in
sensitivity through the series gives an ideal trend in explosives behavior.

Future Direct

The control of sensitivity in an energetic material lies largely in the kinetics of energy
release. The relcase must be rapid enough for initiation, propagation, and detonation to take
place, but slow enough to make the material safe to deal with under a wide range of conditions.
To build into one molecular system all of the of the possibilities for delayed release of energy is
a considerable challenge. TATB is remarkable in combining as many options as it does.
Using separate components in binary or more complex systems gives better opportunities for
favorable combinations. Blasting agents, combining ammonium nitrate, organic fuels, and
glass micro balloons to keep hot spot temperatures competent to promote detonation offer a
good example of the approach. The separation of the fuel and oxidizer into different phases
makes the combination inherently slow and gives long reaction zones. A possible approach to
inherently insensitive energetic materials is to use as diluents for high explosives?? materials
that are thermodynamically competent to be a high explosive but are not kinetically competent
to detonate under any readily achievable condition. For instance, melamine (C3HgNg, p = 1.57
g/cm3, AH¢ = -75.2 kJ/mole) calculates to support a detonation velocity of 6 km/sec. The
trihydrazine analog approaches 7 km/sec. The use of high density, high nitrogen, but not
detonable, admixtures to kinetically competent high explosives should provide materials
retaining high performance but having more favorable sensitivity characteristics.
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ENERGY TRANSFER DYNAMICS AND IMPACT SENSITIVITY

LAURENCE E. FRIED AND ANTHONY J. RUGGIERO
L-277, Chemistry and Materials Science Division
Lawrence Livermore National Laboratory

Livermore, CA 94550

ABSTRACT

In this paper we focus on the relation between impact sensitivity and energy transfer rates.
When a crystal receives an impact, low frequency lattice vibrations (called phonons) are
excited. Typical phonon frequencies are 0-200 cm™*. This energy must then be converted
to vibron frequencies (1000-2000 cm™!) before bond breaking can occur. We derive a simple
formula for the energy transfer rate in terms of the density of vibrational states and the
vibron-phonon coupling. We are able to estimate the phonon upconversion rate in widely
varying energetic materials such as TATB, HMX, and Pb styphnate by examining existing
inelastic neutron scattering data. We find that the estimated energy transfer rates in pure
unreacted material are strongly correlated with impact sensitivity.

INTRODUCTION

The creation of new high explosives that combine the properties of low impact sensitivity
and high performance is the primary problem in energetic materials science today. Devel-
opment of new materials is currently a slow and laborious process dependent largely on trial
and error because the basic physical mechanisms underlying material properties are poorly
understood. While many of the issues regarding the general performance of explosives and
propellants can be satisfactorily dealt with via a macroscopic hydrodynamic picture. the
difficult problem of impact sensitivity and molecular reactivity must be interpreted from
a microscopic point of view.

In this paper we study the role that energy transfer dynamics has in impact sensitivity.
Impact sensitivity is the propensity of an explosive to detonate when it receives a mechani-
cal impact. This property is usually quantified by the drop hammer test. in which a weight
is dropped from a specified height onto a small sample of explosive. The height at which
the sample dctonates one half of the time is a common measure of 1mpact sensitivity.

The detonation of a crystal upon impact is a complicated process undoubtediyv depending
on a host of material properties. Upon impact. low fiequency lattice vibrations called acous-
tic phonons are primarily excited. Before a detonation wave can begin. bonds must break.
Therefore. the initial energy in the acoustic phonons must somchow be deposited into bond
stretching modes. Acoustic phonons have frequencies less than 100 em™. whereas bond
stretches have frequencies greater than 1000 cin™!. It is clear then. that acoustic phonon
energy must be upconverted 1o higher vibrations hefore detonation can occur. High fre-
quency vibrations m a molecular crystal are called mbron~ “There has been much work
on deriving theoretical expressions for phonon lifetimes in anhiarmome solids1. 2. 3% Cal-
ifano ct. al. compared the theoretical expressions 1o the resuits of molecular dvnamics
calculations and experimentsl. 5. 6}. Holian{7] has conducted molecular dvnamices sim
ulations of vibrational energy transfer in diatomne fluids. with the amn of understanding
shock induced chemistry. Dlott and Faver[8] have studied muitiphonon upconversion as-
sociate « . shock induced chemistry, They derived a master equation for phonor ai.
vibron temperatures. The master cquation depends on the phonon-vibron energy transfer
rate, which was estimated from experimental results on anthracene. Kim and Dlott]9, 10]
have studied multiphonon up-pumping in napthaiene through molecular dynamics and the
master equation approach.
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In the present paper, we address the question of how the phonon-vibron energy transfer
rate differs in a wide range of energetic materials. This requires a microscopic formulation
of the phonon-vibron energy transfer rate. Since optical experiments probe k = 0 states,
in the past attention has been focused on the lifetimes of k a 0 states. Impact sensitivity,
however, should depend on all k values. This motivates studying the upconversion rate
into an entire band. Here, we derive a simple expression for the upconversion rate into a
band of a given energy.

The frequency dependence of the upconversion rate is found to be very important; in
the range of 100-600 cm™?, the rate can vary by an order of magnitude. This means that
a quantitative theory of phonon upconversion cannot be based on a single vibron-phonon
rate, but rather should be based on a temperature and frequency dependent rate. We make
use of the microscopic formula and existing inelastic neutron scattering data to compare
the energy upconversion rate for a variety of energetic materials. We find that the predicted
upconversion rate is strongly correlated with impact sensitivity. This implies that many
aspects of impact sensitivity can be attributed to properties of the pure unreacted material.

THEORY

We consider phonon upconversion rates in the limit of small anharmonicity (e.g. cubic
terms in the Hamiltonian are assumed to dominate). In this case. the Hamiltonian is given

by:

H = Ho+ H,
1
Hy = 3 hwlala+3) (1)
1 <
H! = z BlmnAlAmAnA(kl + km + kn)‘

Imn

where A; = a; + a). and q, is defined to be the annihilation operator for phonon mode /.
wy s the harmonic frequency of phonon . A(k} =1 if k = 0. and is 0 otherwise.

Phonon lifetimes have been extensively studied using thermal Green functions{l], and
other theoretical techniques[4]. Part of the decay rate of a phonon comes from scattering
i+ higher frequencies: this term is called the phonon apconversion rate. In the present
in1mr we consider a related but distinct quantity. In phonon lifetime studies the relevant
sas is the collision of a pre-existing k = 0 phonon of a fixed frequency with a thermal
~honon of arbitrary frequency. Here, we consider the collision of two thermal phonons with
a fixed energy sum but arbitrary k. This allows us to study the rate of energy transfer into
a particular vibron band. Certain vibron modes are likely to lead directly to molecular
dissociation, whereas others do not. The rate of energy transfer from thermal phonouns into
a mode that causes dissociation should be most relevant for impact initiation

Phonon lifetimes in crystals are usually derived by caleulating the imaginary part of the
phonon self-encrgy using thermal Green functions. In the present case 1t sufhices to use
Fermi’s Golden Rule. although identical results coul f he derived by the more sophisticated
Green's funcuion techniques. The state to state cucrgy upconversion rate 9 for the fusion
of two phonons of frequency «y and ., into a phonon of frequency wy, is:

9.

A{nd.om = colty 4 Loy, = Long = Vit o100 {(hH
"

where n, is the occupation number of phonon ;. Eq. (21 i« casily cvaluated to be

y(n.l.m) = l—::—(n,. + Dpttgn| Binn 281w, =« — w0 JA(K,, = ki = Kyn ). (3)
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Here, k, is the wavevector of phonon j, w, is the frequency of phonon j. For upconversion
processes, it is reasonable to assume a thermal distribution of phonons ! and m, with
state n unpopulated|11}, since low frequency phonons are primarily excited by impact, and
low frequency phonons equilibrate faster (i.e. have shorter lifetimes) than high frequency
phonons. This gives a thermal rate of

18x

¥(n,,m,T) = TnmmlB;mnl O(wy — wr — wm)A(ks = ki = km), (4)
where T is the temperature and
fim = filwn) = [exp(hwm/ksT) — 1)1 (5)

Next, we average over all initial states ! and m. This gives
18V x dkb
nekaT) = =% 5= =% alwa(ke)] (ko)
lB(a, km b’ ks, c, c)lzélwc(kt) - wy(ks) ~ “’b(kb)]
(k. — k. — ks). (6)
Here, a, blabels the bands of the initial states, while c is the band of the final state. V is the

volume of the crystal. As discussed above, we are interested in the rate for upconversion
into a given band averaged over all k.. Integrating over k., we have:

9V? dk dk
WeT) = =5 [ 53 ] 53 tlwatkallnlor(ke)]

lB(aa kas bﬁ kbs <, ka + kb 26[“’: s+ kb} - wa(ka) - “"‘b(kb)]' (7)

This equations can be substaniially simplified through two approximations. Since vi-
brons typically have little dispersion[4] we can make Einstein approximation for the vibron
band: we(ks + ky) = w. Also, the mode dependence of B is often weak[1). Thus. we let
B(a,ka.b,ks.c,k.) = B. Comparison with two phonon absorption lineshapes shows that
this approximation is usually very good{4]. After integrating over k.. we arrive at a simple
expression for the upconversion rate into a band of a given energy:

9|Bf*1?
Yw..T)= ‘ f /dwn(w e — wiplwiplw, —w). (8)

Here, p(w) is the density of states, defined by:
plw) = /-——é(w — (k) (9)

Eq. (8) should be evaluated for discrete w. corresponding to a band frequency, It is
possible, however. to treat w, as a continuous variable. This 1s motivated by the high
density of vibrou bands found in the large molecules considered here, The results derived
in this fashion are physically meaningful as long as there exists a real vibron frequency
the neighborhood of w..

Optical probes only vield information on the densitv »f states nea. - - o, The total
density of states p(w) can be best estimated from mconcient inelastic neutron scattering.
This procedure has been shown to give a good approximation to p(«){12. 13]. The density
of states derived from neutron scattering data is known oniy to within an arbitrary noi-
malization factor. In order to compare energy transfor rates from different molecules. it s
necessary to determine this normalization factor. The simplest alternative is to take the




integral of p(w) over all frequencies to be equal to 3N/V, where N is the number of atoms
in the crystal and V is the volume. Existing experimental data, however, is not available
at high enough frequencies to make such a normalization feasible. Instead, we employ a
simple normalization rule proposed by Dlott[14]: we normalize p(w) so that

[ plwrde = 26+ V)V (10)

Here, Q, is the maximum frequency of the phonon bands, Z is the number of molecules
per unit cell, and Y is the number of molecular vibrations that have become amalgamated
into the phonon band. V. is the volume of a unit cell. (The V. factor was added to the
original normalization rule of Dlott to maintain consistency with Eq. (9).)

We have taken €, = 200 cm™!, while Y was estimated as the number of vibrational
modes of the isolated molecule with frequencies less than Q,. The vibrational modes were
calculated with the semiempirical electronic structure program MOPAC using the PM3
Hamiltonian[15}; results are given in Table 1 along with impact sensitivity measurements{17,
19, 18].

Molecule Y hse (m)
B-HMX 12 0.33 (Ref. [17])
v-HMX 15 0.14 (Ref. [18))

Pb styphnate 12  0.15 (Ref. [19])

Picric acid 8 0.73 (Ref. [17})
RDX 7 0.8 (Ref. [17))
Styphnic acid & 0.73 (Ref. [19})
TATB 7 3.20 (Ref. [17))

Table 1: Number of amalgamated vibrations as calculated with MOPAC/PM3, and drop
hammer test results for a 12 tool.

RESULTS

We have used existing inelastic incoherent neutron scattering data[l6. 20] to determine
the density of states p(w) as described above. Using p(w}. we have evaluated the energy
transfer rate in Eq. (8) by assuming that the anharmonic coupling per molecular volume is
the same for all the compounds considered here: this is equivalent to taking B = Vi By /2.
We cannot evaluate B, on the basis of existing data. although it 1s known that vibron
lifetimes are typically a few picoseconds. In Figure | we show q(w) for a vanety of energetic
materials at J00K. The low frequency behavior does not show a stiiking correlation with
impact sensitivity. For instancc. the energy transfer vates of TATH and J-HMN are very
similar between 0 and 200 cm™'. The energy transfer rate hetween 300 and 600 an™'.
however. correlates well with impact sensitivity. In Figure 20 we show the energy transfer
rate of the compounds considered here at 400 cni™!eortelated with the inverse drop hammer
height. A linear fit to the data is displaved to guide the eve. [t 1s apparent that there
s a strong relation between energy transfer rates at 400 an™land impact sensitivity. It
1s interesting to note that there are nitro group wagging vibrations in "« nesrhborhood
of 400 cm™'. and that breaking of the nitio group from the ring is thought to be one of
the first steps in detonation chemistry. The role of the miro group in impact sensitivity,
and the measurement of energy transfer 1ates. will be addressed by femtosecond optical
experiments underway in this group.
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Figure 1: The energy transfer rate as a function of frequency at 300K.

1 / by {m™)

10 15 20 25 30 a5
y{w=e2bcm ™ TwI00K)

Figure 2: The correlation between impact sensitivity and er~ry wransfer rate.
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RELATIONSHIP BETWEEN RADIATION STABILITY AND MOLECULAR
STRUCTURE OF NITRAMINE EXPLOSIVES

JAMES J. PINTO
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ABSTRACT

‘The radiation stabilities of the nitramine explosives 1,4-dinitroglycolurile (DINGU), 1,4-
dimethyl-2,5-dinitroglycolurile (DMD) and hexanitrohexaazaisowurtzitane (HHNIW) have been
determined using XPS. Samples were exposed to x-rays for times up to eight hours while
photoelectron spectra were recorded in the carbon, oxygen, and nitrogen 1s energy regions and
mass spectra were recorded of gases evolved during the decomposition process. These data are
compared to the previously determined stabilities for cyclotrimethylene trinitramine (RDX) and
gjyclmemmylene tetranitramine (HMX). The Nis spectra of the irradiated materials show the

0, peak decreases relative to the total nitrogen signal while low binding energy peaks grow.
The rate of loss of the NO, peak was fit to first order kirnetics and the rate constants obtained
show some correlation with the N-N bond strength as measured by the average N-N bond
distance and the average NO, asymetric stretch frequency. Despite the differences in structure
of these molecules (DINGU and DMD are bicyclic rings, RDX and HMX are rings and HNIW
is a cage) the radiation stability appears to be controlled by the strength of the N-N bond.

INTRODUCTION

The relationship between molecular structure and sensitivity has been studied extensively.
The stability in response to various stimuli such as thermal, shock and impact have been related
to observed molecular structural parameters such as bond lengths and infrared absorption
frequencies® and to calculated parameters such as mid-point potentials? and electron densities.3
These studies have been carried out for nitroarene and nitramine explosives.

In recent studies x-rays and ultraviolet radiation were used to decompose explosive mole-
cules while changes in the nitrogen chemical states of the solid residues were monitored with x-
ray photoelectron spectroscopy (XPS). This technique was applied to materials such as penta-
erithrytoltetranitrate (PETN),* 3-nitro-1,2,4-triazole-5-one (NTO), cyclotrimethylene trinitra-
mine (RDX) and cyclotetramethylene tetranitramine (HMX) and triaminotrinitrobenzene
(TATB).5 In this paper the radiation decomposition of a series of nitramine explosives and its
relationship to molecular structure is presented. The materials studied were 1.4-dinitroglycol-
urile (DINGU), 1,4-dimethyl-2,5-dinitroglycolurile (DMD) and hexanitrohexaazaisowurtzitane
(HNIW). For reference, the stabilities for RDX and HMX were also determined.

EXPERIMENTAL

The DINGU used in this study was synthesized by Dr. S. Lee of LeRon Associates. The
1,4 isomer was confirmed by proton NMR and x-ray diffraction. The DMD was prepared by
Dr. S. Bulusu of this laboratory. The HNIW was provided by Dr. D. Stec of GEO-Centers,
Inc. X-ray diffraction showed that it was the a polymorph. The HMX and RDX used for
comparison were purified from commercial material.

Powdered samples were mounted on nitrogen-free double sided tape and inserted into the
vacuum chamber of the spectrometer. A Kratos ES300 X-ray Photoelectron Spectrometer was
used to decompose the samples and to analyze the solid re+i.,- from the decomposition process.
The vacuum pressure was mainti.ned 2t approximately 10-7 mbar during the analysis and
decomposition experiments. Aluminum Ka radiation at 9 mA and 12 KV (108 Watts) was used
to irradiate and analyze the materials. Samples were irradiated for times up to 9 hours and
photoelectron spectra were recorded in the carbon, oxygen and nitrogen ls energy regions
approximately every hour. Each set of spectra was recorded in the time average mode over a
period of approximately 15 minutes. Sample charging was accounted for by referencing to the
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C1s hydrocarbon line at 285.0 ev. Smoothing and linear background subtraction were applied
to the raw data and the resulting spectra were fit to Gaussians to resolve overlapping com-
ponents. Integrated intensities were computed for each peak by multiplying the full width at half
maximum by the peak height.

A Balzers QMG 064 residual gas analyzer (RGA) mounted to the analysis chamber of the
electron spectrometer was used to record mass spectra of gases in the 0-64 amu range which
evolved during the decomposition process. In these experiments, powdered samples were

ressed into the roughened surface of a piece of gold foil, since the cellulose based tape evolves
its own gases during x-ray exposure.

RESULTS

The N1s photoelectron spectra of RDX, HMX and HNIW are shown in Figures 1, 2 and
3. The spectra are characterized by two peaks: the peak at 406.3 ev is trom the NO, nitrogens
and the peak at 401.0 ev is from the ring/cage nitrogens. The ratios of these peaks in the
undecomposed samples is 1:1, reflecting the equal numbers of NO, and ring/cage nitrogens in
each compound. During exposure to x-rays the N1s spectra change indicating that changes in
the molecular structures are occuring. The spectra at long exposure times are also shown in
Figures 1, 2 and 3. The NO, peak decreases while new peaks arise on the low and high binding
energy sides of the ring/cage N peak. The rate of decay of the NO, line is calculated by plotting

the following ratio versus time:
NO, NO, )
Total N )Y | Total N J1=0

The decay of the NO, peak for the three compounds was found to follow first order kinetics with

rate constants of 0.071 hr!, 0.052 hr! and 0.087 hr'! for RDX, HMX and HNIW, respectively.

The NO, decay curves for these compounds are shown in Figure 4.
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Figure 1. Nls photoelectron spectrum of RDX. Bottom curve is control material. Top curve is
after 8.2 hours of x-ray exposure. Results of curve fits to Gaussian line shapes are shown.

The N1s photoelectron spectra of DMD and DINGU are shown in Figures 5 and 6. These
spectra have similar features and are characterized by two peaks: the peak at 406.4 ev is from the
two NO, nitrogens; the peak at 400.0 ev is from the four nitrogens in the bicyclic nng. The area
ratios of the ring N to the NO, N peaks in these compounds is 2:1, reflecting the relative
numbers of ring nitrogens to NO, nitrogens. The broader width of the ring nitrneen peak
indicates that it is a combination of more than one line. Curve firring shows th.. - ... composed
of two lines 1.6 ev apart. The line at 400.8 ev is from the nng nurogen bound to the NO, while
the line at 399.2 is from the ring nitrogen bound to hydrogen. These assignments are based on
the observation that the N1s binding energy of glycolurile is 399.0 ev. On exposure to x-rays
these spectra are found to change indicating that decomposition 1s occuring. The NO, line is
found to decrease while the low binding energy component of the ring nitrogen line increases.
The spectra of these compounds at long decomposition times are also shown in Figures 5 and 6.



43

The decay curves for these two compounds are shown in Figure 7. They also followed first
order kinetics with rate constants of 0.12 hr'! and 0.083 hr'! for DMD and DINGU,
respectively. Mass spectra of the gaseous products from the decomposition of these materials
showed that DMD liberated primarily mass 30, corresponding to NO, while DINGU liberated
masses 30 and 44, corresponding to NO and N,0.
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Figure 2. N1s photoelectron spectrum of HMX. Bottom curve 1s control material. Top curve is
after 6.1 hours of x-ray exposure Results of curve fits to Gaussian line shapes are shown.
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Figure 3. Nls photoelectron spectrum of HNIW. Bottom curve is control material. Top curve
is after 7.1 hours of x-ray exposure. Results of curve fits to Gaussian line shapes are shown.
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Figure 4. Log of the NO» loss rate versus decomposition ume for RDX, HMN and HNIW.
Curves for RDX and HNIW have been offset for clasity.
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Figure 5. N1s photoelectron spectrum of DMD. Bottom curve is control material. Top curve is
after 8.5 hours of x-ray exposure. Results of curve fits to Gaussian line shapes are shown.
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Figure 6. N1s photoelectron spectrum of DINGU. Bottom curve is control material. Top curve
is after 7.4 hours of x-ray exposure. Results of curve fits to Gaussian line shapes are shown.
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Figure 7. Log of the NO, loss rate versus decomposition time for DMD and DINGU.

DISCUSSION

The relative rates of radiation induced decomposition of RDX and HMX have been

measured previously by Beard and Sharma® but under different instrumental conditions from
those used in the present study. In their work, the x-ray operating conditions were 15 mA and

15 kV, or 225 Watts. The decomposition rates obtained for RDX and HMX were 0.324 hr'!
and 0.228 hr'l, respectively. These differed from the values obtained in the present work by
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factors of 4.56 and 4.38, respectively. The chief difference between the values obtained in each
study can be attributed to the x-ray powers used, although other factors, such as age and
condition of the x-ray target and window and vacuum pressure could also effect x-ray intensities
at the sample and therefore measured decompositiun rates.

In another study Beard® attempted to determine decomposition products from the XPS
spectra of the solid residue which remained from the radiation induced decomposition of RDX.
In samples decomposed at room temperature he found that as the NO, line decreased, new peaks
arose on the high and low binding energy sides of the ring N peak, which he attributed to the
formation of nitroso and triazine-like products. NO, loss and formation of triazine and nitroso-
like products were also observed in this study during the decomposition of RDX and HMX.

HNIW is a caged analogue of RDX and HMX because of the presence of the N-NO,
group. The radiation induced decomposition is found to be very similar. X-ray photoelectron
spectra show that the NO, line decreases while new peaks grow on the high and low binding
encrgy sides of the cage N peak. As in the other two nitramines, the high binding energy peak
can be attributed to nitroso formation. The low binding energy peak can be attributed to the
caged analogue of triazine or hexaazaisowurtzitane. As the strongly electron withdrawing NO,
groups are removed from the cage structure the binding energy of the aza N decreases.

During the radiation induced decomposition of DMD and DINGU the NO, peak decreases
and the low binding energy component of the ring peak increases. This is analogous to the
previously discussed materials in which a triazine-like peak grows as the NO, peak decreases.
In the case of the two bicyclic compounds the chemical state of the ring N bound to a proton or a
methyl group differs slightly from the ring N bound to NO,. The chief effect of x-ray exposure,
therefore appears to be N-N bond fission with removal of the NO, groups.

DSC and TGA experiments have shown that DMD is more thermally stable than DINGU.?
This can be attributed to the stabilizing effects of the electron donating methy! group on the ring
which replaces the two protons bound to the other two ring nitrogens in DINGU. However, in
the present study DMD has been found to be more sensitive to radiation damage than DINGU.
Mass spectral data recorded during the decomposition process shows that DINGU decomposes
by N-N bond fission and by ring breakage. These competing processes have also been
observed during thermal decomposition.? However, the absence of a significant N,O signal in
the mass spectral data recorded during the x-ray decomposition of DMD indicates that it
decomposes primarily by N-N bond fission. Breakage of this bund and loss of NO, is what is
detected in these experiments.

It has been suggested that the ease with which a molecule releases NO, during thermal

decomposition is related to the strength of the N-N bond.! Measures of the N-N bond strength
include the bond length and the asymetric NO, stretch frequency, v(NO,),,. Crystallographic
data and bond lengths were available for RDX, HMX, HNIW and DINGU.%10-11 y(NO,),
for all five compounds was obtained from IR data. Plots of the x-ray decomposition rate versus
the average N-N bond distance and v(NO,),¢ are shown in Figures 8 and 9, respectively. These
plots suggest a relationship between the N-N bond strength and the radiation stability as
measured by the loss of the NO, group. Studies on additional compounds are necessary in
order to confirm these relations.

SUMMARY

The stability of a series of nitramine explosives to x-ray radiation has been determined and
decomposition mechanisms have been outlined. For all five compounds studicd, the imponant
step in the decomposition appears to be N-N bond scission. However, in RDX, HMX and
HNIW nitroso formation has also been observed. while in DINGU ring break-up has been
found to be competitive with N-N bond scission. DMD appears to be the least stable to x-ray
decomposition with HNIW, DINGU, RDX and HM« :ncreasingly more stable. While results
for a small number of materials have been preser:+ there appea., --» h- a correlation between
stability and the strength of the N-N bond as n 2:... .d oy i N-N bond length and v(NO,)y,.
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Figure 8. Log of the x-ray induced NO, loss rate versus average N-N bond distance.
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THIN FILM INFRARED LASER PYROLYSIS STUDIES OF THERMAL
DECOMPOSITION MECHANISMS IN NITRAMINE PROPELLANTS

TOD R. BOTCHER AND CHARLES A. WIGHT
Department of Chemistry, University of Utah, Salt Lake City, UT 84112

ABSTRACT

Thin films of RDX (1,3,5-trinitro-1,3,5-triazine) have been prepared by vapor deposition
onto a 77 K substrate window and pyrolyzed with a pulsed CO, laser. Each sample is rapidly
quenched after the laser pulse by heat conduction into the cold substrate, and the initial reaction
products are trapped on the window for examination by transmission FTIR spectroscopy. We
have detected N,O,, the dimer of nitrogen dioxide, as an initial condensed phase pyrolysis
product, confirming that scission of one of the N-N bonds is the first step in the reaction
mechanism. No evidence was found for formation of methylene nitramine via a proposed
concerted depolymerization pathway.

INTRODUCTION

Several recent studies have attempted to identify the initial step in the thermal
decomposition mechanism of cyclic nitramine propellants, particularly RDX. Two proposed
pathways are illustrated by the reaction

D
No,«-n\ /cnz H
H wo, 2 3 CH,NNO,

RDX

One of the obvious choices for this 1s scission of one of the N-N bonds Thermodynamic
studies identifv this as the weakest bond in the molecule [1] Results from thermogravimetnic
mass spectrometry expenments on HMX are consistent with this homolysis mechamsm,{2]
though there is some indication that bimolecular reaction pathways may also be important in
the rate-limiting step.[3] Indirect evidence supporting the importance of the N-N bond scission
mechanism can be found from thermal decomposition studies of other closely related
nitramines.[4,5] Also, ultraviolet photolysis experiments on crystalline RDX have shown that
N-N homolysis is a primary reaction pathway,[6] though thermal pyrolysis might not follow the
same mechanism.

Zhao, et al have shown that when gas phase RDX molecules are heated by pulsed CO,
laser irradiation, the primary decomposition pathway is concerted depolymenization that imitially
forms three molecules of methylenenitramine.[7] Under these conditions, the N-N bond scission
channel accounts for only about one-third of the product yield Sewell and Thompson have
recently published a classical dynamics study of RDX decomposition that supports the existence
of the concerted depolymerization channel.[8] Also, some of the early thermal pyrolysis work
on isotopically substituted RDX supports a mechamism in which the N-N bond 1s preserved in
the decomposition reaction.[9,10]

We have recently developed an experimental technique designed to establish the initial step
in thermal decomposition of energetic materials such as RDX under conditions where the
condensed phase material 1s rapidly heated with a pulsed CO, laser, and the nttial reaction
products are trapped on a cold substrate for detection by FTIR spectroscops  The principal
advantage of this new techmque 1s that the imitial products can be detected under conditions hat
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closely resemble those of a realistic propellant combustion environment (i.e., rapid heating in
the condensed phase). By using an infrared laser to energize the sample (instead of a UV laser)
we are able to detect chemistry that occurs on the ground electronic state potential surface,
thereby avoiding complications due to excited state photochemical reactions. In this report, we
outline some of our early findings regarding the thermal decomposition mechanism of RDX.
A brief report of this work has been published elsewhere.[11]

EXPERIMENTAL SECTION

Thin film (~10 um) samples of RDX are prepared by vapor deposition from a Knudsen oven
at 120° C. onto a Csl window. The window is mounted it in a copper retainer at the cold tip
of a liquid nitrogen reservoir, which maintains a constant temperature of 77 K. The vacuum in
the sample chamber is maintained at 10° torr or better. A schematic drawing of this apparatus
is shown in Figure 1. The experiments performed using this apparatus can be classified into
two principal categories, which we call single- and double-window configurations described
below.

Single Window Pyrolysis Experiments

In this type of experiment, a film of RDX is deposited onto the 77 K window and
subsequently pyrolyzed with a pulsed CO, laser tuned to the P(20) transition at 944 cm’', which
coincides with an absorption band of solid RDX. Initial products were detected by irradiating
the sample with single laser pulses at gradually increasing fluence in the range 1-5 J em™
Transmission FTIR spectra are obtained after each laser pulse until product formation is
detected.

In some experiments, samples are warmed to room temperature after deposition in order to
form a polycrystalline film prior to laser pyrolysis. These results are compared with
experiments in which the amorphous film (as initially prepared without annealing) is pyrolyzed
under the same conditions (vide infra).

Double Window Pyrolysis Experiments

Several experiments were conducted 1n which the initially prepared film was warmed to
room temperature. The sample and substrate window were then removed from the vacuum
chamber, covered with a second window, remounted in the chamber, and recooled to 77 K prior
to intrared laser pyrolysis. In this arrangement, the thin film of RDX is sandwiched between
two massive Csl windows so that any
material that is vaporized from the pump
original film is immediately trapped by
condensation onto the other window. In
this way, all of the material is conserved
for spectroscopic detection. LN2

The results from this type of
experiment can be compared with
analogous single-window experiments in g

order t~ assess the extent of product CO, laser ! i_s\ﬂ ['—-l
fu :nuon that takes place in the gas ===l Z e
P »

phase and in the condensed phase. Itis 944 cm™ E4 Bl
reasonable to assume that in single- Z N,

window experiments, most gas phase e AN

products escape the film and are Cslsubstrate  RDXfilm

recondensed elsewhere in the apparatus Figure 1 Schematic drawang of the expenmental apparatus
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Therefore, the amount by which products observed in double-window experiments exceed those
formed in single window experiments provides a qualitative indication of the gas phase
contribution to the thermal pyrolysis mechanism.

Laser Pyrolysis and Product Detecticn

Infrared laser pyrolysis was carried out using a pulsed CO, laser (Pulsed Systems Model
LP140-G) that is tuned to an absorption band of the solid RDX at 944 ¢m™. The nominal pulse
width of this laser is 35 us. The beam is roughly square in shape, and the fluence of the
unfocused beam is approximately 0.5 J cm?. In order to pyrolyze samples at higher fiuence,
the beam size was reduced using a spherical concave mirror (radius of curvature = 1 m), and
the beam is rastered over the thin film in a manner such that each point on the film is irradiated
by only a single laser pulse at a fluence between 1.0 and 4.7 J cm™.

During the 35 ps laser pulse, the sample is heated from 77 K to an estimated 500-1000 K,
depending on the laser fluence. This heat is then dissipated by thermal conduction into the
massive substrate on a time scale estimated to be 4-6 ms, based on the film thickness and the
reported thermal conductivity of RDX.[12]

RESULTS AND DISCUSSION

The infrared spectrum of an RDX film obtained immediately after deposition is shown in
Figure 2. Many of the absorption bands exhibit inhomogeneously broadened lines due to spatial
and orientational disorder that are characteristic of the amorphous state. This 1s a direct result
of the vapor deposition process at low temperatures, which inhibits formation of the
thermodynamically favored crystalline form of RDX. The same sample was then heated to
room temperature and recooled to 77 K. Its spectrum is shown in the lower trace of Figure 2.
A significant degree of band narrowing and splitting is observed in this spectrum, showing that
a transformation from the amorphous to a polycrystalline state has occurred.

Laser irradiation of amorphous samples at low fluence (less than 1.4 J cm™) did not produce
any detectable product molecules. owever, some narrowing and splitting of the absorption
bands of RDX was noted as the 'eat from the laser induced a partial transition from the
amorphous to the polycrystalline form. These changes in the parent band absorptions made it
difficult to detect ine formation of
products in spectrally congested
regions of the infrared spectrum. For
this reason, an initial search for
products was conducted on crystalline

samples which had been annealed |
prior to laser pyrolysis. Amorphous /\/\v\/\/ \ e
This initial search involved | ’

subjecting a single sample to
successive laser pulses at increasing |
fluence until product bands werc first . /) s ;
detected at 1.4 J cm® This first Crystaline  J'{f{_ a0
product absorption occurrs  at T

1736 cm’' and is assigned to N,0,, the
dimer of NO,. The positior ~¢ th2 L L 1 1 1
band is in good agreement with 2000 1600 1200
previous assignments of the N.O, 4

: . Wavenumbers (cm™)
infrared spectrum by Smith and Figure 2. Infrared spectra of a thin film of vapor-deposited RDX in

Guillory [13] and by Hlsms_me"“] amorphous form (top) and in polycrys.alline form afier anacaling to
in order to confirm the assignment, . temperature {bottom)
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we prepared two thin film samples of T ! T Y
N,O, in our apparatus. One was

prepared by depositing an equilibrium

mixture of NO,/N,0, onto the substrate .

window. The other was prepared by D) NO,/N,O,in RDX //\L

co-depositing the NO,/N,0, mixture
C) pure solid NO,MN, 0,

with RDX from the Knudsen oven.
Infrared spectra of these samples are
shown in Figure 3 along with spectra of
the reaction product formed from

pyrolysis of an RDX sample at 4.7 J B) ROX after pyrolysis
cm-z

Absorbance

The broad feature at 1864 c¢cm™ in A) pure RDX
Figure 3 is due to NO. This secondary . : 1
product appears in RDX samples 2000 1800 1800 1700
pyrolyzed at fluences higher than 1.5 J Wavenumbers (cm)

cm?, A small amount of NO is formed Figure 3. Infrared spectr of N,O, (bands near 1735 cm™) formed
in one of the control experiments (trace 838 reaction 1 roduct (traces A and B) or authentic sample (C and
D of Figure 3) due to thermal pyrolysis 2’

of NO, in the Knudsen oven during

vapor deposition of the RDX/NO, mixture.

Other secondary product infrared absorption bands observed following pyrolysis at laser
fluences from 3.0 to 4.7 J em™ include features at 2086 cm™ (HCN), 2236 cm™ (N,0), and 2343
em” (CO,). These products are observed only at laser fluences significantly in excess of the
threshold fluence for N,0O, formation.

One of the significant results of our research is that there is no evidence for formation of
methylene nitramine, CH,NNO,, under any conditions investigated in this study. Although the
infrared spectrum of this molecule is not known, its vibrational frequencies have been calculated
by Mowry et al.[15] Several of these frequencies coincide with spectrally congested regions
of the RDX spectrum and might be masked by the parent absorptions. However, there are at
least 4 frequencies that lie in clear regions of the spectrum where we would expect to observe
the product if it were formed in the pyrolysis reaction

Therefore, on the basis of our observation of the NO, dimer and our failure to observe any
evidence for formation of CH,NNO, we conclude that the first step in the thermal
decomposition of solid RDX is scission of one of the N-N bonds.

We were somewhat surprised to find that the initial product observed at low laser fluence
is the NO, dimer instead of the monomer. Part of the reason for this is that the strongest
absorption bands of the monomer occur in a region of the spectrum that is congested by parent
RDX absorption. However, it occurred to us that formation of N,O, could conceivably occur
via a direct bimolecular reaction of neighboring RDX molecules rather than by dimerization of
NO,. To test this hypothesis, we carried out two single-window experiments under identical
conditions except that one was pyrolyzed in the amorphous form after vapor deposition, whereas
the other was pyrolyzed after annealing to the crystalline form. We expected that if bimolecular
reaction of RDX is important in the initial reaction step, then orientational disorder present in
the amorphous samples should cause the amount of N,0, formed to be either less than or
greater than for the crystalline form, depending on whether the crystal secmetry is favorable
or unfavorable for reaction. The results of these exneri.aonts showed v °: -hie extent of product
formation is the same for the two different structural torms (to an accuracy of about + 5%).
On this basis, we conclude that the wmitial reaction step is unimolecular scission of an N-N
bond.

Finally, we have compared the extent of product formation in single-window and double-
window experiments. The latter type trap all of the reaction products, whereas significant losses
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(up to 20% of the sample) may occur to the 3as phase in the single-window configuration. This
comparison show's that at low fluence (where sample vaporization is minimal), the amount of
N,O, formed in the two types of experiments is essentially the same. However, at higher
fluence, where secondary products are formed and the extent of sample vaporization is
significant, the amounts of secondary products remaining on the window, compared with N,0,,
is significantly higher in the double-window configuration. Our interpretation of this result is
that N,0, is initially formed in the condensed phose propellant, whereas secondary products
are formed at least partly in the gas phase.
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NITROGEN RADICALS FROM THERMAL AND PHOTOCHEMICAL
DECOMPOSITION OF AMMONIUM PERCHLORATE, AMMONIUM DINITRAMIDE,
AND CYCLIC NITRAMINES

M. D. PACE
Code 6120, Naval Research Laboratory, Washington, D. C. 20375-5320

ABSTRACT

Free-radical thermal and photochemical decomposition products of ammonium dinitramide
(ADN), an acyclic nitramine, are compared to that of cyclic nitramines (RDX, HMX, and
HNIW) and to ammonium perchlorate (AP). Photochemical formation of NO, from uv-
photolysis of ADN at 77 K is found to follow first-order kinetics, whereas, zero-order NO,
formation 1s observed from the cyclic nitramines under the conditions of this experiment.
Mechanisms are suggested for ADN decomposition. A general trend of cyclic nitramines to
taermally decompose forming nitroxide radicals is supported by N-ring-labeled HNIW
results. ADN thermally decomposes at 190° C to form free-radical reaction products in
solution with tetrahydrothiophene-1,1-dioxide.

INTRODUCTION

In this paper the term nitrogen radicals refers to free-radicals having unpaired electron
spin density predominantly localized at *N or *N nuclei. New findings for photochemically
and thermally produced nitrogen radicals from ammonium dinitramide are compared to prior
findings for the cyclic nitramines: cyclotrimethylenetrinitramine (RDX), and
cyclotetramethylenetetranitramine (HMX); and are compared to new findings for *N-labeled
hexanitrohexaazaisowurtzitane (HNIW), a polycyclic nitramine: and 1o ammomum perchlorate
(AP), an oxidizer used in propellents. The predominant nitrogen radical from photochemical
decomposition of all materials studied is nitrogen dioxide (NQ,). This is not surprising for
the nitramines, but was not expected for AP. There now exist numerous EPR literature
references supporting NO, formation during ultraviolet photolysis of RDX, HMX, and HNIW
at temperatures <77 K ."** In this study at 77 K the rates of production of NQ, from the
cyclic nitramines under constant flux of ultraviolet (uv) light are assigned as zero-order;
whereas, for ADN, a first-order rate of NO, production 1s observed. NO, 15 detected from
uv-photolysis of AP n smaller concentration than n the mitramines and 1s attributed to
secondary reactions or to impurities.

Thermal decomposition of RDX and HMX produces mitroxy! (or mtroxide) tree-radicals.
A nitroxide has also been proposed from HNIW thermal decomposiion.®” In this paper,
thermal decomposition of *N-labeled HNIW lends further support of HNIW nitroxide radicals.
In AP, NH," radical 1ons were monitored by EPk (electron paramagnerc resonancs) ¢ -
heating of the AP crystals. (NH," radicals were generated m At 0y "o y-rays pror to
thermolysis). Thermal decomposition of ADN produced an EPR signal at 190° C.

Mat. Res. Soc. Symp. Proc. Vol. 296. < 1993 Matenals Research Society
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Fig. 1 Normalized NO, Concentrations From UV-Photolysis At 77 K
EXPERIMENTAL

For uv-photolysis, powders of each material (5 - 20 mg) were placed into separate
borosilica glass cells having dimensions 0.5 mm x 5 mm (sectioned into 15 c¢m lengths).
ADN is hygroscopic and required handling under low humidity. A Hg - Xc high pressure arc
lamp (Electro Powerpacs Inc., Cambridge, MA) operating at 1000 W was used for uv-
photolysis experiments. The lamp was located 16 cm from the cavity and IR-filtered uv light
having a 1 cm focal diameter was directed into a TM,,, EPR cavity containing a sample cell
in liquid nitrogen at 77 K. Previous experiments have shown that nitramines absorb uv
strongly from 225 nm to 235 nm.> To optimize the uv light flux, each sample was oriented
so that the 0.5 cm edge of the flat cell was perpendicular to the beam direction. The exposed
surfare area of each sample was less than 0.5 cm?® to ensure uniform irradiation. Only one
sidv 1 .uie flat cell was irradiated. Total irradiation times were from 60 to 100 minutes. EPR
spectra were recorded using a Bruker ER 200 x-band spectrometer and a Nicuier 1195
computer to collect spectra. As each sample was irradiated the NO, concentration was
monitored by recording EPR spectra at 2 to 4 minute intervals. Concentrations of NO, were
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measured by double integration of the first-derivative EPR spectra and by comparison to &
EPR standard (0.00033% pitch) with a calibrated concentration of 3 x 10" spins.

Thermal decomposition experiments were similarly performed using sample cells as
described above except that the nitramines were dissolved in tetrahydrothiophene-1,1-dioxide
(sulfolane), having a boiling point of 285°C. This procedure has been used successfully in
previous studies.*> In situ heating in the EPR cavity was performed using N, gas flowing
through a resistive heating coil. A Varian V-4540 temperature controller was used to regulate
temperature. AP samples were radiation doped with paramagnetic ions as spin probes before
heating by exposing the samples to 0.5 MRad of “Co +-rays which produces NH,* ions.%%1®
The NH,* ions were monitored by EPR during heating of AP. In all samples, temperature
was monitored using a chromel-alumel themocouple (Omega) attached directly to the sample
tube within 2cm of the sample.

TABLE I
NO, Rates and Concentrations
Molecules Rate Spin Conc. at % Conversion at
Nitramine | per Sample? Constantsb t = 60 min.© t = 60 mind
HNIW 4.1 x 10" 1 x 10" 2.2 x 10" 0.05
RDX 2.6 x 10" 3 x 10" 1.6 x 10" 0.005
HMX 1.9 x 10" 7 x 10" 42 x 108 0.002
ADN 4.0 x 10" 0.013 4.0 x 10" 0.01
(first-order)®

a Estimated number of molecules exposed to uv light assuming 10um thick surface layer.

b For HNIW, RDX, HMX zero-order rates are given as spins/mg/min of NO, for constant uv
light flux at 77 K. Rates for HNIW, RDX, HMX assume a 10 um surface depth absorption of the
uv light. For ADN see footnote e below.

¢ Measured spin concentration after 60 min. of uv photolysis at 77 K.

d % conversion = 100 x [NO,},z60 qus. = (estimated number of molecules per sam1ple)

HNIW, RDX, HMX values show good agreement with previously reported data.-

e ADN rate constant is first-order (x 107 min"). For ADN, NO, was considered to form

within the entire sample mass rather than in a 10 um surface layer.

RESULTS

UV Photolysis

The formation of NO, during uv photolysis of ADN, RDX, HMX, and HNIW is
compared in Fig. 1. The data in Fig. 1 are normalized to the maximum NO, concentration
of each sample. At 77 K, decay of NO, radicals is negligible so that a buildup of the NO,
concentration can be measured <nectroscopically. For RDX, HMX, and HNIW, NO,
formation folicws zero-orde. ....ucs according to: d[NO,)/dt = k, where time (1) is in
minutes and {NO,], the experimentally measured concentration, is given as the number of
unpaired spins per mg of sample as determined by double integrals of the EPR spectra
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assuming one spin per NO, radical. The cyclic nitramines HNIW, RDX, and HMX show
reasonable correlation with linearity, as expected for zero-order. Near the maximum
irradiation times of 60 - 100 minutes, HNIW and RDX data show nonlinear NO, concentration
buildup attributed to depletion of surface nitramine bonds exposed to uv light. The zero-order
NO, rate constants from linear fits to the data are: k, = 1 x 10" spins/mg/min for HNIW; k,
= 3 x 10" spins/mg/min for RDX; and k, = 7 x 10" spins/mg/min for HMX. Zero-order
is consistent with rate limiting conditions of the light flux. Different light intensities would
give rates independent of initial concentrations of the parent nitramine, but dependent on the
light flux. Therefore, lamp settings and irradiation conditions were kept constant in this study
(see Experimental). Using the rate constants above, the absolute NO, concentrations for these
nitramines can be predicted under the uv-conditions of this experiment. Shown in Fig. 2 are
logarithmic plots of the calculated NO, concentrations based on these rate constants versus
time. These curves are in good agreement with the experimentally measured spin
concentrations. The results are consistent with previously reported uv-induced NO, formation
from HNIW, RDX, and HMX and show an order of magnitude difference in NO, formation
from HNIW relative to RDX and HMX.? Although ADN is a nitramine compound, ADN
behavior in this experiment is different from the cyclic nitramines.

The normalized ADN NO, concentration in Fig. 1, as reproduced by two separate ADN
samples, shows nonlinear time dependence. A first-order rather than a zero-order rate of
ADN NO, formation is observed during uv-photolysis. As shown in Fig. 3, a plot of
In{{ADN], - [NO,};} versus time gives a linear fit to the ADN NO, data. The first-order rate
constant determined from Fig. 3 is 0.013 x 107 min’. The difference in rates of ADN versus
the cyclic nitramines suggests that ADN does not lose NO, by a direct nitramine bond
cleavage, but as a secondary product. It is the impression of this author that the reactivity of
ADN is greater than the cyclic nitramines. Darkening of ADN samples was produced by uv-
photolysis and thermal decomposition. Color changes due to photolysis were not noticeable
in the cyclic nitramine samples in this experiment. ADN is hygroscopic and has been
suggested to decompose thermaily by the following reaction:

NH,* N(NO,) = NH; + HN(NO,), - N,.) + HNO, (1}

Although this reaction does not produce NO, directly, NO, formation may occur following H*
transfer to form HN(NQO,), such as:

HN(NO,), = NO, -+ HNNO, [2]
or by dinitramide ion decomposition according to [3] as suggested by gas phase studies:'!
N(NO,),; - NO, + N,0," 03]

in which the NO, concentration would depend on the HN(NO,), or N(NO,),” concentrations.
Warming photolyzed ADN from 77 K to room temperature results in gas evolution, further
suggesting that reactions occur during photolysis or during sample warming. The NO,
fraction, although less than 0.1% of the total molecules of each sample, was highest in ADN
and HNIW, as shown in Table I by % conversion.

In contrast to ADN no NO, was expected from AP uv photolysis berause significant
decomposition of NH,* would be required to form N, Surprisingly, © ™ -, was detected at
a very low concentration of 10" spins during photolysis of AP at 77 K, but the rate of NO,
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Fig. 4 (a) EPR spectrum from thermal decomposition of *N-ring-labeled HNIW is sulfolane
at 120° C. (b) EPR spectrum observed at 140° C. (c) Simulated EPR spectrum
assuming one nitrogen hfc and three proton hfcs (values given in text). A possible
decomposition radical structure is shown. Only protons which would give hfcs to the
nitroxyl group are indicated by H.

growth and concentrations were not reproducible. The formation of NO, from NH,CIO,
requires a mechanism proposed for thermal decomposition: 2NH,CIO, -» 4H,0 + Cl, + O,
+ NO followed by 2NO + O, -» 2NO,.1?

Thermal Results

The second part of this paper gives yualitative slow thermal decomposition results of
ADN, “N-labeled HNIW, and NH,CIO,. Thermal expcriments were carried out as slow
heating experiments in which the temperawre was increased at a rate < 5° per minute. As
described in the experimental section, the nitramines were dissolved in a high boiling solvent
to facilitate hcat transfer to the sample and to allow for low sample concentrations. To avoid
reaction with the solvent, ammonium perchlorate was not dissolved in sulfolane but instead,
a single crystal of ammonium perchlorate was heated in a tube open to the atmospheie. P<or
studies indicate that thermally produced free radicals from the cyc' . ~nrm~ines RDX, ti#ix
and HNIW do not react with tetrahydrothiophene-1,1-dioxide.**

A free radical was detected from '’N-ring-labeled HNIW at 140° C consistent with
previous results of HNIW-d, and HNIW. As shown by Fig. 4a, at 120° C is a spectrum of
three transitions separated by 2.8 mT (10 gauss = | mT). At 140° C, this spectrum overlaps
with other EPR signals which appear. The 140° C EPR signals are tentatively assigned to a
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nitroxyl nitrogen hyperfine coupling (hfc)fa(*N) = 2.14 mT] and to two symmetrically
equivalent proton hfcs [a(**N) = 0.51 mT] and to a third nonequivalent proton hfc fa(‘H) =
0.66 mT], where a is the symbol of the isot-opic hyperfine coupling. Bond cleavage of the
C-C bond of the parent HNIW molecule and addition of hydrogen to give a tricyclic ring as
shown in Fig. 4b are required 